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1 PURPOSE 

The purpose of this calculation report is to document the thermohydrologic (TH) model 
calculations performed for the Supplemental Science and Performance Analysis (SSPA), 
Volume 1, Section 5 and Volume 2 (BSC 2001d [DIRS 1559501, BSC 2001e [DIRS 1546591). 
The calculations are documented here in accordance with AP-3.12Q REV0 ICN4 [DIRS 
1544181. The Technical Working Plan (Twp) for this document is TWP-NGRM-MD-000015 
R e a l .  These TH calculations were primarily conducted using three model types: (1)  the 
Multiscale Thermohydrologic (MSTH) model, (2) the line-averaged-heat-source, drift-scale 
thermohydrologic (LDTH) model, and (3) the discrete-heat-source, drift-scale thermal (DDT) 
model. These TH-model calculations were conducted to improve the implementation of the 
scientific conceptual model, quantify previously unquantified uncertainties, and evaluate how a 
lower-temperature operating mode (LTOM) would affect the in-drift TH environment. 
Simulations for the higher-temperature operating mode (HTOM), which is similar to the base 
case analyzed for the Total System Performance Assessment for the Site Recommendation 
(TSPA-SR) (CRWMS M&O 2000j [DIRS 153246]), were also conducted for comparison with 
the LTOM. 

This Calculation Report describes (1) the improvements to the MSTH model that were 
implemented to reduce model uncertainty and to facilitate model validation, and (2) the 
sensitivity analyses conducted to better understand the influence of parameter and processs 
uncertainty. The METHOD Section (Section 2) describes the improvements to the MSTH- 
model methodology and submodels. The ASSUMPTIONS Section (Section 3) lists the 
assumptions made (e.g., boundaries, material properties) for this methodology. The USE OF 
SOFTWARE Section (Section 4) lists the software, routines and macros used for the MSTH 
model and submodels supporting the SSPA. The CALCULATION Section (Section 5 )  lists the 
data used in the model and the manner in which the MSTH model is prepared and executed. 
And, lastly, the RESULTS Section (Section 6) lists the two calculations conducted for the SSPA 
(BSC 2001d [DIRS 1559501, BSC 2001e [DIRS 1546591). 

1.1 Sensitivity Calculations 
Sensitivity analyses were performed to further evaluate and quantify the consequences of 
uncertainties in processes and model inputs. Eight areas of uncertainty were analyzed: 

1. Sensitivity of TH results to the exclusion of vapor storage within the lithophysal 
cavities (porosity). Current models do not provide analyses of cavity storage separate 
from the overall fracture porosity in the DKM model (Section 6.1.1). 

2. Sensitivity of the impact of mountain-scale buoyant gas-phase convection on 
temperature history (Section 6.1.2). 

3. Sensitivity of MSTH model results to uncertainties in the bulk permeability of the host 
rock (Section 6.1.3). 
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4. 

5.  

6. 

7. 

8. 

Sensitivity of MSTH model results to uncertainties in the host-rock thermal 
conductivity (Section 6.1.4). 

Sensitivity of the TH models to the way lithophysal porosity affects other input 
parameters, such as bulk or host rock thermal conductivity (Section 6.1.5). 

Sensitivity of the TH parameters to design and operational parameters (Section 6.1.6). 

Sensitivity of pre-closure dry-out of near-field rock on post-closure in-drift 
temperature relative humidity due to ventilation (Section 6.1.8). 

Sensitivity of three-dimensional in-drift effects (Section 6.1.8). 

1.2 Calculations to Provide Thermodynamic Parameters to TSPA-SSPA 
MSTH mdoel calculations were conducted to provide TH parameters required by the TSPA- 
SSPA (BSC 2001 [DIRS 1548641). The first set of MSTH model results pertain to the mean, 
upper and lower infiltration flux scenarios for the base-case HTOM (Section 6.2.1). The HTOM 
is similar to the TSPA-SR design case, but analyzed with updated models and operational 
parameters. The second set of MSTH model results pertain to the mean, upper and lower 
infiltration flux scenarios for the LTOM where temperatures do not exceed approximately 85OC 
on the waste package (WP) surface (Section 6.2.2). Table 1 summarizes the operational 
parameters for the HTOM and the LTOM. 

2 METHOD 
The methodology discussed in this report include the MSTH model concept, the MSTH 
modeling system which includes building and executing the family of MSTH-model submodels, 
using NUFT 3.0s and the execution of the Multi-Scale Thermal-Hydrology Abstraction Code 
(MSTHAC). The control of the electronic management of data was accomplished for this 
calculation report in accordance to methods specified in the TWP (TWP-NGRM-MD-000015 
Rev0 1). 

2.1 MSTH Model Concept 
Performance measures of the repository depend on TH behavior occurring at a scale of a few 
tens of centimeters around individual waste packages (W) and emplacement drifts as well as on 
behavior at the repository (or mountain) scale. A single numerical model (e.g., embedding a 3-D 
drift-scale model with a relatively fine mesh into a 3-D mountain-scale model with a coarse 
mesh) would require an unfeasible number (millions) of grid blocks for a TH model. The MSTH 
model approach breaks the problem into more tractable pieces by superposing the results of 3-D 
mountain- and drift-scale thermal models onto those of two-dimensional drift-scale TH models. 
Thus, the MSTH-model approach divides the problem into I-, 2-, and 3-D thermal and TH 
submodels. By dividing the problem, much more computationally efficient thermal conduction 
submodels can be used to address detailed 3-D heat-flow problems at the mountain and drift 
scales. The fundamental concept in the MSTH model is that the results from the 2-D LDTH 
submodels (see Section 2.1.2 below) can be modified to account for the influence of 3-D 
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mountain-scale heat flow as well as for local deviations arising from waste-package-to-waste- 
package variability in heat output. 

2.1.1 MSTH -Model Spatial Scales 
Two spatial scales are considered for the MSTH model: (1) the mountain scale (on the order of 
hundreds to thousands of meters) and (2) the drift-scale (on the order of tens of centimeters). 
Multiscale modeling must include interaction of processes at the drift-scale in the Engineered 
Barrier System (EBS) and the Near Field Environment (NFE) with processes at the scale of the 
mountain to properly account for effects such as faster cooling of waste packages and adjacent 
host rock near the repository edge, as compared to waste packages closer to the repository center. 
In addition to accounting for interaction of processes at the drift scale and mountain scale, the 
MSTH model also allows for consideration of the influence of waste-package-to-waste-package 
variability in heat output on TH behavior. The waste packages inventory consists of two major 
waste package categories: (1) Commercial Spent Nuclear Fuel (CSNF) waste packages, and (2) 
High Level Waste (HLW). The CSNF waste packages generate much more heat than the HLW 
waste packages. Moreover, there can be considerable variability in heat output among various 
types of CSNF waste packages, depending on whether the waste comes from pressurized-water 
reactors (called PWR waste packages) or waste from boiling-water reactor (called BWR waste 
packages) as well as on the age of the waste package (i.e., how long it has been since it was 
removed from the reactor core). 

2.1.2 MSTH Model Submodel Types 
The MSTH model simulates processes under a range of heat loading conditions to capture the 
edge effects within the repository and the discrete nature of waste packages. MSTH simulates at 
various locations within the domain to account for variations in stratigraphy and local infiltration 
flux. This MSTH-model calculation process involves solving six ‘submodels’ at different spatial 
scales. Four of these submodels are NUFT submodels (SMT, SDT, DDT, LDTH) which are 
input to MSTHAC submodels and two of these submodels (LMDTH, DMTH) are output from 
MSTHAC. A consistent naming convention is used for these submodels. The first letter 
describes the Dimensionality of the Heat-Source Approximation, where S stands for a 
‘smeared’ heat source, L stands for a ‘line-averaged’ heat source, and D stands for a ‘discrete’ 
heat source. The second letter applies to the Spatial Scale where M stands for ‘mountain’ scale 
and D stands for ‘drift’ scale. The last one or two letters refer to the Physical Processes 
Considered, where T means that ‘thermal conduction and radiation’ variables only are 
considered and TH means that all ‘thermal-hydrological’ processes are considered. 

The four different N” submodels are run at different spatial scales. These four submodels are 
the following: 

SMT (3-D Smeared-heat-source, Mountain-scale, Thermal-conduction) Submodel 
LDTH (2-D Line-averaged-heat-source, Drift-scale, Thermohydrologic) Submodel 
SDT (1 -D Smeared-heat-source, Drift-scale Thermal-conduction) Submodel 
DDT (3-D Discrete-heat-source, Drift-scale Thermal-conduction) Submodel 
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The results of the submodels are integrated with a tool called the Multiscale Thermohydrologic 
Abstraction Code (MSTHAC). For this report, MSTH model, the LDTH and SDT submodels 
were run at 33 geographic locations uniformly distributed over the repository area; these 
submodels use the stratigraphy, overburden thickness, TH boundary and infiltration fluxes 
appropriate for each location. At each of those 33 geographic locations, the LDTH- and SDT- 
submodel calculations were conducted at four different values of Areal Mass Loading (AML, 
expressed in MTU/acre). The LDTH submodel domain is a 2-D drift-scale cross-section 
extending from the ground surface to the water table. The LDTH submodels are the only 
submodels to include coupled TH processes; these submodels assume a heat-generation history 
that is effectively that of a line-averaged waste package averaged for the entire waste-package 
inventory in the repository. The SDT submodels utilize the same heat-generation history as the 
LDTH submodels except that it is areally smeared over the repository plane in the SDT 
submodels. 

In the MSTHAC execution the MSTH model generates the following two models as output: 

LMTH (3-D Line-averaged-heat-source, Mountain-scale, Thermohydrologic) model: the 
intermediary model in the MSTH submodel calculation sequence. 
DMTH (3D Discrete-heat-source, Mountain-scale, Thermohydrologic) model: the final 
model in the MSTH model calculation sequence. 

Figure 1 illustrates the general conceptual relation between the four NUFT submodels (identified 
by red text) and the two MSTHAC models (identified by blue text). The successive nature of the 
NUFT submodel execution followed by the MSTHAC calculation for final output is illustrated in 
the flowchart of Figure 2. 

2.2 NUFT Submodels 

At each of 33 locations spaced evenly throughout the repository area, a 2-D LDTH submodel and 
a corresponding 1-D SDT sumodel are executed. The LDTH sumodels account for TH 
processes, including the influence of the local percolation flux (which is assumed to be equal to 
the local infiltration flux) and the local thermal and hydrologic properties. At each of the 33 
geographic locations the LDTH and SDT sumodel calculations are performed at four different 
values of Areal Mass Loading (AML, expressed in MTU/acre). The different AMLs, are 
achieved by adjusting the spacing between emplacement drifts in the respective models. The 
highest AML is 20% larger than the nominal AML to account for regions of the repository that 
are hotter than nominal. The second highest AML is at the nominal AML value (e.g., 55 
MTU/acre for the HTOM). The lowest two AMLs are 50 and 25 percent of the nominal AML 
value; the lower AMLs are required to account for the edge-cooling effect andor cooler waste- 
packge locations (e.g., HLW waste packages). 

The 3-D SMT and the 1-D SDT submodels share the same smeared-heat-source approximation 
and thermal-conduction-only representation of heat flow. The 1 -D SDT submodels provide 
linkage between the SMT and the LDTH submodels. This linkage allows for the SMT submodel 
temperature to be "corrected" for both the influence of TH processes on temperature and for the 
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influence of 2-D drift-scale dimensionality (orthogonal to the axis of the drift) of the 
emplacement drift and the waste-package heat source. The SMT, SDT, and LDTH submodels all 
share a blended heat-generation history of the entire WP inventory in the repository, which is 
normalized for a 1-m interval of an emplacement drift; hence, the heat-generation history is 
effectively that of an “average” WP. 

The 3-D DDT submodel is a drift-scale submodel that includes individual waste packages of 
distinct heat-generation history. The DDT submodel solves for thermal conduction and accounts 
for thermal radiation in addition to thermal conduction between the waste packages, drip shield 
and drift surfaces (Le.* drift wall and floor). 

The NUFT submodels are executed simultaneously prior to MSTHAC calculations (see Figure 
2). The detailed calculation relationship between the submodels is outlined in the flowchart of 
Figure 3. Note the reference to ‘Subflow’ in each box of Figure 3. These refer to the sixteen 
detailed sub-flowcharts. Figure 4 provides a legend for these sixteen sub-flowcharts, while 
Figure 5 through Figure 20 are the sixteen successive sub-flowcharts, ‘Subflow 1’ through 
‘Subflow 16’. Note that the connections between the Sub-flowcharts are listed at the bottom of 
each figure. Also note that the list of Tracked Data Stores A, B, C, D, E, F, G, H, and I are listed 
in Table 2. Operations are described Table 4 through Table 10. 

The details of the each submodel and the corresponding sub-flowcharts are discussed in the 
subsections below. The meshing, boundaries, materials and heat generation functions of each of 
the four NUFT submodels are discussed in detail in these subsections. 

2.2.1 SMT SUBMODELS 
The 3-D SMT submodel is used to determine the repository-scale variations in host-rock 
temperature T resulting from the heat output from the entire inventory of 70,000 MTU of waste, 
including 63,000 MTU of CSNF waste packages and 7000 MTU of HLW waste packages. The 
SMT submodel includes the influence of mountain-scale thermal-property distribution, the edge- 
cooling effect, which results from lateral heat loss at the repository edges, and the distribution of 
the overburden-thickness, i.e., the distribution of the depth of the repository horizon below the 
ground surface. The SMT submodel domain extends from the ground surface to IO00 m below 
the present-day water table and the lateral (adiabatic) boundaries are far enough away from the 
repository as not to affect repository temperatures. The temperature lOOOm below the water table 
is found by extrapolation using the routine Bound (Section 4.2.15). 

2.2.7. 7 SMT Repository Footprint 
The modeled repository footprint for the HTOM covers an area of 4.65 km2 with a linear power 
density of 1.35 kW/m. The modeled repository footprint for the LTOM covers an area of 5.58 
km2 with a linear power density of 1.13 kW/m. The repository footprint corresponds to the area 
that is heated by the smeared-heat-source representation of heat generation from waste packages. 
The areal distribution of grid blocks in the repository area of the SMT submodel is the same as 
that shown in Figure 21, except that the northernmost and southernmost rows of repository 
subdomains are further subdivided in the SMT submodel to better represent the influence of edge 
cooling along the northern and southern edges of the repository. 
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2.2.1.2 SMT-Submodel Mesh 
The SMT-submodel mesh is constructed so that the lateral and lower boundary conditions have a 
negligible effect on the predicted temperatures near the repository. This is accomplished by 
placing the lateral boundaries sufficiently far away (-lo00 m) from the repository edges and 
placing the lower boundary lOOOm below the water table. The SMT mesh files are output from 
YMESH, Section 4.2.2 (CRWMS M&O 2000b [DIRS 1498621; tspaOI.mesh01-01 for HTOM 
and tspa01.meshOZ-03 for LTOM). The process of generating the numerical mesh for the SMT 
submodel is illustrated in Sub-flowchart 3, Figure 7. 

2.2.1.3 SMT-Submodel Boundary Conditions 
The SMT-submodel domain extends from the ground surface to lo00 m below the present-day 
water table. The lateral boundaries, which are adiabatic boundaries, are situated far enough away 
from the repository so that they do not affect thermal behavior in the repository. The temperature 
at the lower boundary of the model domain is extrapolated vertically from the temperature 
gradient at the water table, based on the calculated temperature field from the UZ Site-Scale 
Model and on the assumption of Section 3.1.7. Temperature at the water table varies with 
location, so the extrapolated temperature varies with location at the lower model boundary. The 
temperature at the ground surface (as well as at the water table) is calculated from the UZ Site- 
Scale Model, using an inverse distance cubed method discussed in Section 3.1.4. The data-flow 
chart for the preparation of boundary conditions is given in Sub-flowchart 9, Figure 13. The 
density of the upper boundary is 1.185 kg/m3 (Section 3.1.7). The heat capacity of the upper 
boundary is lX103 J/Kg-K (Section 3.1.7). The thermal conductivity of the upper boundary is 
0.0254 W/m-K (Section 3.1.7). This data is incorporated into the SMT submodel through 
inclusion in the file: SDT-IDds (CRWMS M&O 2000b [DIRS 1498621). 

2.2.1.4 SMT-Submodel Heat Generation Rates 

2.2.1.4.1 HTOM Heat Generation 
The heat generation rate for the SMT submodel is in the form of a heat-generation rate versus 
time table located in NUFI' include files. During preclosure the file used is output from 
heatgenAge (BSC, 2001c [DIRS 1544611, CRWMS M&O 2000b [DIRS 1498621; SMT- 
0.3Qheat-5Oy-vent-01 for HTOM). The heat output represented in this file accounts for removal 
of 70% of the total heat due to ventilation. The postclosure heat generation table is also output 
from heatgenAge, Section 4.2.16 (BSC 2001c [DIRS 1544611, CRWMS M&O 2000b [DIRS 
1498621 ; SMT-0.3Qheat- I e6y-vent-01). 

2.2.1.4.2 LTOM Heat Generation 
The heat generation rate for the SMT submodel is in the form of a heat-generation rate versus 
time table located in NUFT include files. During preclosure the file used is output from 
heatgenAge (BSC 2001c DIRS [154461], CRWMS M&O 2000b [DIRS 1498621; SMT- 
0.2Qheat-300y_vent-O3). The heat output represented in this file accounts for removal of 80% of 
the total heat due to ventilation. The postclosure heat-generation table is also output from 
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HeatgenAge, Section 4.2.16 (BSC 2001c DIRS [154461], CRWMS M&O 2000b [DIRS 
1498621; SMT-0.2Qheat- 1 e6y-vent-03). 

2.2.1.5 SMT-Submodel Material Properties 
The SMT submodel uses thermal-conduction properties (for the stratigraphic units) consistent 
with the SDT and DDT submodels. These properties are based on Section3.2.4 through 
incorporation in the include file SDT-ZDds (CRWMS M&O 2000b [DIRS 1498621) as illustrated 
in Sub-flowchart 12, Figure 16. This file incorporates the assumption of Section 3.2.4 by using 
the wet thermal conductivity. Where saturated zone (SZ) thermal properties are required, the wet 
thermal conductivity of model unit ppl is used (Section 3.2.5). 

2.2.1.6 SMT-Submodel Simulations 
The execution of the SMT submodel is illustrated in Sub-flowchart 16 of Figure 20. Execution 
varies slightly for the HTOM and LTOM simulations. 

2.2.1.6.1 HTOM Simulations 
Two SMT-submodel HTOM simulations were conducted for this Calculation Report. The first 
simulation, which is required to calculate pre-closure TH conditions in the MSTH model, had a 
70%-reduced heat-generation rate (representing the heat lost to ventilation). However, only the 
first 50 years of this simulation is used since the ventilation period ends at 50 years. The second 
simulation, which is required to calculate post-closure TH conditions in the MSTH model, had a 
simulation period of 1,OOO,OOO yr using a step-function heat-generation rate, with the rate 
reduced by 70% for the first 50 yr and the full nominal rate from 50 yr to 1,OOO,0oO yr. The two 
HTOM SMT simulations are applicable to all three infiltration-flux (mean, high, and low flux) 
scenarios. 

2.2.1.6.2 LTOM Simulations 
Two SMT-submodel LTOM simulations were conducted for this Calculation Report. The first 
simulation, which is required to calculate pre-closure TH conditions in the MSTH model, had a 
80%-reduced heat-generation rate (representing the heat lost to ventilation). However, only the 
first 300 years of this simulation is used since the ventilation period ends at 300 years. The 
second simulation, which is required to calculate post-closure TH conditions in the MSTH 
model, had a simulation period of 1,OOO,OOO yr using a step-function heat-generation rate, with 
the rate reduced by 80% for the first 300 yr and the full nominal rate from 300 yr to 1,000,OOO 
yr. The two LTOM SMT simulations are applicable to all three infiltration-flux (mean, high, and 
low flux) scenarios. 

2.2.2 LDTH SUBMODELS 
The USNT module of NUFT is used to model flow through a fractured porous media in the 2-D 
LDTH submodels. The key NUFT options used for LDTH simulations include the dual- 
permeability method (DKM), modified with the active-fracture concept (AFC), to represent two- 
phase heat and fluid flow in the fractured porous rock. These modeling methods are NUFT 
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options specified in the NUFT input files. The DKM conceptualizes the fractured rock as having 
two interacting materials, one representing the matrix and one representing the fractures. The 
interaction between the fractures and the matrix is explicitly calculated from the local 
temperature and pressure differences, thus allowing transient behavior to be predicted. The DKM 
underestimates the fracture-matrix interaction for steep temperature and pressure gradients 
(Hardin 1998, p. 2 [DIRS 100350]). The AFC accounts for the contact area between the wetted 
portion of the fracture and the matrix, as well as for the frequency of fractures. The AFC 
assumes that fracture flow only occurs through a portion of the fractures. This is more 
conservative than assuming the influx flows ubiquitously through the entire fracture continuum. 
The flux through a fracture is greater when it has higher saturation and, therefore, focusing flow 
through a portion of the fractures (i.e., to active fractures) maximizes flux and results in fast 
pathways for flux through the mountain. The rock properties were calibrated using an inverse 
modeling technique (LB990861233 129.001, LB990861233 129.002, LB990861233 129.003) The 
calibrated property sets assume that both the DKM and AFC are used. Consequently, the DKM 
and AFC NUFT options must be used in the LDTH-submodel calculations. 

The LDTH submodels are run at the 33 drift-scale-submodel locations (Figure 22) and for 4 
different values of Areal Mass Loading: AML = 14, 27, 55, and 66 MTU/acre for the HTOM 
and AML = 11, 23, 46, and 55 MTU/acre for the LTOM. Representing the influence of edge- 
cooling effects requires that most of the LDTH submodel runs use an AML that is less than the 
nominal value. 

2.2.2.1 LOTH-Submodel Locations 
The repository footprint is output from the Matlab macro StudyDomain in the file shape.dat 
(CRWMS M&O 2000b). The manual operation E:M3 in Sub-flowchart 2, Figure 6 is used to 
determine the coordinates of the 33 representative drift-scale submodel locations, which are 
located in the file coZumn.data. These submodel locations, which are used for LDTH and SDT 
calculations, are shown in Figure 22. There are 64 emplacement drifts within the LTOM 
repository area. The drift-scale-submodel locations were chosen along eight of those 
emplacement drifts, including drift nos. 4, 12, 20, 28, 36, 44, 52, and 60 (BSC 2001g [DIRS 
1545541, BSC 2001 h [DIRS 1544771). Drift-scale-submodel locations were uniformly spaced 
along those eight drifts as shown in Figure 22. These 33 locations were chosen to represent 
repository-scale variability of thermal properties, hydrologic properties, infiltration flux, and 
overburden thickness. 

2.2.2.1.1 Stratigraphic Columns 
The stratigraphic columns corresponding to the LDTH-submodel locations are output from 
YMESH in the file <coZumn>.nft (CRWMS M&O 2000b [DIRS 1498621). The software used in 
manipulating the source data into a YMESH input file (excluding the location file, columndata) 
are rme6 v.1.0 and makeColumn-2001 v1.0. The thickness of the stratigraphic units at each 
location is output from readunits (CRWMS M&O 2000b [DIRS 1498621, 33 files: 
<coZumn.cuZ.units>), and is tabulated in Table 1 1. 

2.2.2.1.2 Vertical Location of Repository Horizon 
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The EBS is added to the stratigraphic columns (CRWMS M&O 2000b [DIRS 1498621, 
<column>.nft) by the routine Define-EBS-fineGrid vl.3, Section 4.2.4. This routine assigns the 
grid blocks at the location of the EBS (e.g., drift cavity, drip-shield monolith, and invert) to the 
appropriate material. The routine also changes the vertical resolution of the mesh within the 
EBS. The vertical location of the repository horizon at the LDTH-submodel locations in the 
stratigraphic columns <column>.nft, are tabulated by readunits (CRWMS M&O 2000b [DIRS 
1498621, <column>.col.units) and shown in Table 12. 

2.2.2.2 LDTH-Submodel Mesh 
The numerical mesh for the LDTH submodel is illustrated in Figure 23. This lumped 
approximation of the drip shield and WP (called the drip-shield monolith) is corrected by the 
manner in which the pre-closure DDT submodel (Figure 24 for pre-closure, Figure 25 for post- 
closure), which rigorously accounts for the actual dimensions of the WP (without the presence of 
the drip shield), is applied in the MSTHAC methodology (Section 2.3). 

2.2.2.3 LDTH-Submodel Boundary Conditions 
Because the LDTH submodels pertain to a symmetry cell between the vertical plane down the 
center of the drift and the vertical midplane between drifts, the lateral boundaries are adiabatic 
and no-mass-flow boundaries. The LDTH submodels require temperature, pressure, and gas- 
phase air-mass fraction at the upper boundary, which represents the ground surface and the lower 
boundary, which represents the water table (Table 13). Both boundaries are assumed to have 
constant conditions with time. The density of the upper boundary is 1 x lo8 Kg/m3 (Section 
3.1.6). The heat capacity of the upper boundary is 1 x lo3 Jkg-K (Section 3.1.6). The thermal 
conductivity of the upper boundary is 0.0254 W/m-K (Section 3.1.6). These values are 
incorporated in the files dkm-afc-IDds-mc-li-01, dkm-afc- IDds-mc-mi-01 , and dkm-afc-IDds- 
mc-ui-01 (CRWMS M&O 2000b [DIRS 1498621). 

An interpolation routine is used to relate the temperatures and pressures at various points to the 
LDTH-submodel locations. The routines used for this interpolation are chim-surf-wtTP2 
(Section 4.2.9). The air mass fraction and liquid enthalpy are found given the resulting 
temperature and pressure, along with a bounding assumption of 100% humidity (Section 3.1.5). 
The routine used for this calculation is chim-surf-wt-TP2 v. 1 .O (Section 4.2.9). 

2.2.2.4 LD TH-Submodel Hea t-Genera iion Rates 
The heat generation rates for the LDTH submodels are in the form of heat-generation rate versus 
time tables located in NUFT include files (BSC 2001g [DIRS 1545541, BSC 2001h [DIRS 
1544771). During preclosure the file used is output from HeatgenAge v.1.2, Section 4.2.16 
(CRWMS M&O 2000b [DIRS 1498621; LDTH-SDT-O.3Qheat-5Oy-vent-01 for HTOM and 
LDTH-SDT-0.2Qheat-300~-vent-03 for LTOM). The heat-generation rate given in this file 
accounts for removal of 70% for HTOM and 80% for LTOM of the total heat due to ventilation. 
The postclosure heat-generation table is also output from HeatgenAge v. 1.2, Section 4.2.16 
(CRWMS M&O 2000b [DIRS 1498621; LDTH-SDT-0.3Qheat-le6y-vent-OI for HTOM and 
LDTH-SDT-O.2Qheat-1 e6y-vent-03 for LTOM). 
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Because any given LDTH submodel covers the same model domain (including the same area in 
plan view) as the corresponding SDT submodel, the LDTH submodel and corresponding SDT 
submodel use the same heat-generation rate versus time tables (files). 

2.2.2.5 L DTH-Submodel Material Propetties 
Material properties are output from the macros Rock-LDTH v l  .O (Section 4.2.1 1) into three files 
(CRWMS M&O 2000b, dkm-afc-I Dds-mc-mi-01, dkm-afc-IDds-mc-Zi-01, dkm-afc-1Dds-mc-ui- 
01), each one corresponding to an infiltration rate. Properties corresponding to the base case 
infiltration flux are given in the files Id-driftscale-basecase2Jow.pm and 
Id-dn~tscale-basecase2-th.pm (LB99086 1233 129.001). Properties corresponding to the upper 
infiltration flux are given in the files 1d-drijlscaZe-lowinfJow.pm and 
Id_dnftscaZe_lowinf-th.pm (LB99O861233 129.002). Properties corresponding to the lower 
bound infiltration flux are given in the files 1d-driftscale-uppennf~ow.pm and 
Id-driftscaZe_upperinf-th.pm (LB990861233 129.003). These files are renamed and read into 
the routine Rock-LDTH (Section 4.2.1 1, see Sub-flowchart 11, Figure 15). The LDTH EBS 
properties are based on inputs in Section 5.2 and assumptions in Section 3.2. 

2.2.2.6 Infiltration Flux 
Infiltration-flux data is given in the nine files from Section 4.2.19, representing three cases (low, 
mean, and upper, each having three climates (present day, monsoon, and glacial). Infiltration 
rates at each submodel location in coZmduta (CRWMS M&O 2000b [DIRS 1498621) are 
found using a routine, ColumnInfiltration vl.1 (Section 4.2.8), that interpolates and then 
normalizes the results from the 33 drift-scale submodel locations. 

CONVERTCOORDS v. 1.1 (Section 4.2.1) prepares the input data for the interpolation routine, 
ColumnInfiltration v l  . 1 (see Sub-flowchart 8, Figure 12). The output from ColumnInfiltration is 
one large file (CRWMS M&O 2000b [DIRS 1498621; infiZtration.tex). This file is split into the 
nine constituent infiltration rates with the routine infiltab. The average of the 33 infiltration rates 
was found to differ from the average of all the infiltration rates in the source data that were 
within the repository footprint. To account for this the infiltration rates are normalized with 
respect to the average of the source data over the repository footprint. 

2.2.2.7 LOTH-Submodel Simulations 
Because of the manner in which the MSTH model temperatures are abstracted, it is necessary to 
account for drift ventilation scenarios by conducting two complete (parallel) MSTH model 
abstractions: (1) a pre-closure simulation and (2) a post-closure simulation. The results of these 
two MSTH model abstractions are spliced at the end of the pre-closure period, Le., when 
ventilation ceases. Therefore, it is necessary to run two complete sets of MSTH submodels to 
account for ventilation for each infiltration-flux case. The LDTH submodel is the only submodel 
type that has to be run for each of the three infiltration-flux cases (mean, high, and low flux). The 
simulations for the other three submodel types are applied to all three cases. The execution 
procedure of the LDTH submodel is illustrated in Sub-flowchart 13, Figure 17. 
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For a given infiltration-flux case, two sets of LDTH-submodel simulations are required. The first 
set, which is required to calculate pre-closure TH conditions in the MSTH model, was run with 
the heat-generation rate reduced by 70% for 50 years in the case of HTOM and with the heat- 
generation rate reduced by 80% for 300 years in the case of LTOM. The second set, which is 
required to calculate post-closure TH conditions in the MSTH model, was run for a simulation 
period of l,OOO,OOO yr starting on the final conditions of the pre-closure runs. For the HTOM 
simulation the model is started at 50 years and run at the full nominal heat-generation rate to 
1,0oO,OOO years; for LTOM the model is started at 300 years and run at the full nominal heat rate 
to l,OOO,OOo years. 

Each LDTH-submodel set consists of 132 simulations, the result of 4 AML simulations at each 
of the 33 drift-scale-submodel locations. Thus, because there are two sets (pre- and post-closure), 
a total of 264 LDTH simulations are conducted for any given infiltration-flux case. Finally, 
because there are three infiltration-flux cases investigated, a total of 792 LDTH simulations are 
executed for each operating mode (HTOM or LTOM) in this Calculation Report. 

2.2.3 SDT SUBMODELS 
The 1-D SDT submodels are run in parallel with the LDTH submodels at the same 33 locations 
and for the same AMLs: 14, 27, 55, and 66 MTU/acre for HTOM and 11, 23, 46, and 55 
MTU/acre for LTOM. These submodels are required to obtain functional relationships between 
"line-averaged" temperatures predicted by the LDTH submodel and the "smeared" host-rock 
temperatures predicted by the SDT submodel. 

2.2.3.1 SDT-Submodel Mesh 
The SDT submodels use the same vertical discretization of grid blocks as is used in the SMT 
submodels. The multi-scale modeling methodology demands consistency between how heat flow 
is modeled in the respective SDT and SMT submodels, including consistency in the vertical grid- 
block discretization in the respective submodels. The procedure for generation the submodel 
mesh is given in the Sub-flowchart 3 of Figure 7. 

2.2.3.2 SDT-Submodel Boundary Conditions 
The data-flow chart for the preparation of boundary conditions is given in Sub-flowchart 9, 
Figure 13. Because the SDT submodels are for a symmetry cell between the vertical plane down 
the center of the drift and the vertical midplane between drifts, the lateral boundaries are 
adiabatic and no-mass-flow boundaries. The SDT submodels require temperature at the upper 
boundary, which represents the ground surface and the lower boundary, which represents the 
water table (Table 13). Both boundaries are prescribed constant temperature conditions with 
time. The density of the upper boundary is 1.185 Kg/m3 (Section 3.1.7). The heat capacity of the 
upper boundary is 1 x lo3 J/Kg-K (Section 3.1.7). The thermal conductivity of the upper 
boundary is 0.0254 W/m-K (Section 3.1.7). This data is incorporated into the SDT submodel 
through inclusion of the file: SDT-ID& (CRWMS M&O 2000b [DIRS 1498621). 

The temperature and pressure are based on the grid in Section 5.2.1 1, the temperatures and 
pressures in Section5.2.14, and the locations in coZumn.data (CRWMS M&O 2000b [DIRS 
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1498621). An interpolation routine is used to relate the temperatures and pressures at various 
points to the SDT-submodel locations. The routine used for this interpolation is chim_wt_TP2 
(Section 4.2.9). The air mass fraction and liquid enthalpy is found given the resulting 
temperature and pressure, along with a bounding assumption of 100% humidity (Section 3.1.5). 
The routine used for this calculation is chim-surf-wt-TF'2 (Section 4.2.9). 

2.2.3.3 SDT-Submodel Heat Generation Rates 
Because any given SDT submodel covers the same model domain (including the same area in 
plan view) as the corresponding LDTH submodel, the SDT submodel and corresponding LDTH 
submodel use the same heat-generation rate versus time tables. These are NUFT include files 
output from HeatgenAge v.1.2, Section 4.2.16 (CRWMS M&O 2000b [DIRS 1498621; LDTH- 
SDT-0.3Qheat-5Oy-vent-01 for HTOM and LDTH-SDT-0.2Qheat-3~-vent-O3 for LTOM). 

2.2.3.4 SDT-Submodel Material Properties 
The SDT submodel uses the same thermal-conduction properties (for the stratigraphic units) that 
are used in the SMT submodel. These properties are based on Section 3.2.4 through 
incorporation in the include file SDT-IDds (CRWMS M&O 2000b [DIRS 1498621) as illustrated 
in Sub-flowchart 12, Figure 16. 

2.2.3.5 SDT-Submodel Simulations 
Each SDT-submodel set consists of 132 simulations, the result of 4 AML simulations at 33 drift- 
scale-submodel locations. Each SDT simulation is valid for all three infiltration-flux (mean, 
high, and low flux) cases. As for the LDTH submodel, two sets of simulation were run. The 
first pre-closure set was run with the heat-generation rate reduced by 70% for 50 years and with 
the heat-generation rate reduced by 80% for 300 years. The second post-closure set was run 
starting from final pre-closure run results at 50 years for HTOM (300 years for LTOM) to 
1,0oO,OOO yr using the full nominal heat-generation rate. Thus, a total of 264 SDT simulations 
were conducted for each operating mode case (HTOM and LTOM). The execution procedure of 
the SMT submodel is illustrated in Sub-flowchart 16, Figure 20. 

2.2.4 DDT SUBMODELS 
The 3-D DDT submodel is used to determine the WP-specific temperature deviations relative to 
line-averaged-heat-source conditions in the NFE and the EBS (e.g., drift wall, drip shield, and 
WP). The DDT accounts for WP-specific heat output and for thermal radiation between all W P  
and drift surfaces. For the pre-closure period prior to the emplacement of the drip shield and for 
the post-closure period, thermal radiation between the WP and drift surfaces controls the 
longitudinal temperature deviations along the drift. The values of thermal conductivity in the 
host rock play a minor role on the magnitude of longitudinal temperature deviations along the 
drift (Hardin 1998, Section 3.7.5.4 [DIRS 1003501). 

The DDT submodel is used for two purposes: (1) calculating the temperature difference between 
the WP and drip shield and (2) calculating the longitudinal temperature variations along the drift 
axis. As neither of these quantities is significantly influenced by the thermal conductivity in the 
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host rock or in any of the other stratigraphic units, it is not necessary to run the DDT submodels 
at multiple locations. Further, advective heat transfer driven by TH behavior in the host rock has 
little effect on axial temperature variation in the drift, such that TH processes in the host rock do 
not contribute significantly to equalization of axial temperature variations in the drift. The 
conductiodradiation-only DDT model adequately represents longitudinal deviations in NFE and 
EBS temperatures (relative to line-average-heat-source conditions) along the drift. Hence, the 
DDT submodel is run at one drift-scale-submodel location (15c3 in Figure 22). 

2.2.4.1 DDT-Submodel Location 
The 15c3 drift-scale-submodel location (CRWMS M&O 2000b [DIRS 1498621; coZurnn.data) is 
used for all DDT submodels. 

2.2.4.2 DDT-Submodel Mesh 
The cross-sectional dimensions of the drift for the post-closure period is shown in Figure 25; 
these dimensions were used to build the numerical meshes of the DDT submodels. For the 
pre-closure period, the drip shield in Figure 24 is not present; otherwise all other dimensions are 
the same as in the post-closure case. All of the DDT-submodel meshes assume circular cross 
section for the drift (just as in the LDTH submodel) and a square cross section for the WP and 
drip shield (where it is present). The cross-sectional area of the “square” WP in the DDT 
submodel is the same as that of a 1.67-m-diameter WP. As shown by Wilder (1996, 
Table 1.10.4.1 [DIRS 100792]), a circular WP in a circular drift can be accurately represented by 
a square WP in a square drift, provided that the respective circular and square cross-sectional 
areas are equal. 

The longitudinal dimensions of the drift are shown in Figure 26 for HTOM and Figure 27 for 
LTOM. The DDT submodel utilizes symmetry in all four directions: about (1) the vertical 
midplane down the center of the drift, (2) the vertical midplane down the center of the rock pillar 
between drifts, (3) the vertical plane that is orthogonal to and intersects the “pwrl-1” WP, and 
(4) the vertical plane that is orthogonal to and intersects the “bwrl-3” WP. 

The DDT-submodel mesh uses fine grid-block spacing in the lateral and vertical direction in the 
drift to account for the drip-shield cross section, the gap between the WP and drip shield, and (3) 
thermal conduction in the invert. The generation of the numerical meshes for the DDT model is 
illustrated in the Sub-flowchart 1 of Figure 5. 

2.2.4.3 DD- Submodel Boundary Conditions 
The boundary conditions for the DDT submodels are the same as those for the SDT submodel at 
the l5c3 drift-scale-submodel location (see Figure 22). Similarly the DDT boundary conditions 
are the same as the corresponding LDTH submodel. 

Because the DDT submodels are for a symmetry cell between the vertical plane down the center 
of the drift and the vertical midplane between drifts, the lateral boundaries are adiabatic and no- 
mass-flow boundaries. The DDT submodels require temperature at the upper boundary, which 
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represents the ground surface and the lower boundary, which represents the water table (Table 
13). Both boundaries have constant temperature conditions with time. 

The density of the upper boundary is 1.185 kg/m3 (3.1.7). The heat capacity of the upper 
boundary is 1 x lo3 J/Kg-K (3.1.7). The thermal conductivity of the upper boundary is 0.0254 
W/m-K (3.1.7). This data is incorporated into the DDT submodel through inclusion in the file: 
SDT-1Dds (CRWMS M&O 2000b [DIRS 1498621). 

The temperature and pressure are based on the grid in Section 5.2.11, the temperatures and 
pressures in Section 5.2.14, and the locations in columndata (CRWMS M&O 2 W b  [DIRS 
1498621). An interpolation routine is used to relate the temperatures and pressures at various 
points to the DDT-submodel locations. The routines used for this interpolation are 
chim-surf-wt-TP2, Section 4.2.9. 

2.2.4.4 DDT-Submodel Heat Generation Rates 
The preparation of heat-generation tables for the DDT submodel is illustrated in the Sub- 
flowchart 7 of Figure 11. Heat-generation-rate versus time tables, taken from the source data 
described in Section 5.2.13, are required for the 10 different waste packages represented in the 
DDT submodels (Figure 26 for HTOM and Figure 27 for LTOM). The heat-generation rate for 
the DDT submodel is in the form of a heat-generation rate versus time table located in NUFT 
include files. During preclosure the file used is output from HeatgenAge v.1.2, Section 4.2.16 
(CRWMS M&O 2000b [DIRS 1498621; DDT-0.3Qheat-5Oy-vent-01 for HTOM, DDT- 
0.2Qheat-30Q-vent-03 for LTOM). The heat output represented in this file accounts for removal 
of 70% for HTOM and 80% for LTOM of the total heat due to ventilation. The postclosure heat 
generation table is also output from HeatgenAge v.1.2 (CRWMS M&O 2000b [DIRS 1498621; 
SMT-0.3Qheat-le6y-vent-01 for HTOM, SMT-0.2Qheat-30Oy-vent-03 for LTOM). 

2.2.4.5 DOT-Submodel Material Properties 
The DDT submodel uses the same thermal-conduction properties (for the stratigraphic units) that 
are used in the SMT and SDT submodels. These properties are based on Section 5.2.9 and 
Section 3.2.4 through incorporation in the include file SDT-ID& (CRWMS M&O 2000b [DIRS 
1498621) as illustrated in Sub-flowchart 11, Figure 15. This file incorporates assumption 3.2.4 by 
using the wet thermal conductivity. In addition to the properties for the stratigraphic units, the 
DDT submodels require the thermal-conduction properties for the EBS materials (Table 14). For 
the drip shield, and crushed-tuff invert, the DDT submodels use the same thermal-property 
values as those used in the LDTH submodels. 

The thermal properties of the gap between the WP and drip shield and between the drip shield 
and the drift surfaces are those of air. 

The solid density and specific heat of the air gap in the drift are standard handbook values 
(Section 5.2.8). Assumption 3.2.7 is used for thermal conductivity for the invert. 

For the HTOM, thermal radiation is explicitly represented throughout the drift for all simulation 
time. For the LTOM, thermal radiation is explicitly throughout the emplacement drift for the first 
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10,OOO yr. Thereafter, thermal radiation continues to be explicitly represented between the WP 
and drip shield; however, for the cavity between the drip shield and drift surfaces, thermal 
radiation is approximated using an effective thermal conductivity versus time relationship 
(Section 5.2.3). Recall that the DDT submodel is used to predict two quantities: (1) the 
temperature difference between the WP and drip shield and (2) the longitudinal temperature 
deviations. The use of an effective thermal conductivity in the cavity between the drip shield and 
drift surfaces only affects the latter quantity. It should be noted that the longitudinal temperature 
deviations have greatly diminished by 10,OOO yr; consequently, the use of this effective thermal 
conductivity has a negligible effect on the MSTH-model results. 

2.2.4.6 DDT-Submodel Simulations 
Preclosure and postclosure DDT-submodel simulations were conducted for this Report. These 
DDT simulations are applicable to allthree infiltration-flux (mean, upper, and lower) cases. 

The first, which is required to calculate pre-closure TH conditions in the MSTH model, was run 
with the heat-generation rate reduced by 70% for HTOM and 80% for LTOM. The first DDT 
submodel has no drip shield in the drift (Figure 24). 

The third DDT submodel, which is required to calculate post-closure TH conditions in the 
MSTH model, was run for a simulation period from 0 yr to l,OOO,O00 yr using the step-function 
heat-generation rate with the rate reduced by either 70 or 80 percent during the preclosure period 
and stepped up to the full nominal rate during the postclosure period. The execution procedure 
of the DDT submodel is illustrated in Sub-flowchart 15, Figure 19. 

2.3 MSTHAC Submodel (LMTH, DMTH) Abstraction 
The use of MSTHAC to assemble the execution results of the NUFT submodels into final output 
is the second part of the MSTH model (see Figure 2). MSTHAC assembles the execution results 
from the submodels creating time-varying AML curves. An intermediate Line-averaged-heat- 
source Mountain-scale Themhydrologic (LMTH) model and the final Discrete-source 
Mountain-scale Thermohydrologic (DMTH) model are then created. The MSTHAC approach 
can be broken into five steps in centered upon the assembly of two time-varying AMLs: a host- 
rock effective AML, (AMIyRec~ve )  and a WP-specific AML (AMLspcgfi). The AMLefecti, which is 
based on comparing the results from a 3-D SMT submodel with those of corresponding 1-D SDT 
submodels, captures the influence of 3-D mountain-scale heat flow. The AMLspecific which is a 
refinement of the AMLhak,cff, uses the results from 3-D DDT submodels to add the influence of 
WP-specific deviations in local temperature onto the influence of mountain-scale heat flow. Both 
AMLs are used to interpret LDTH model results to the LMTH and DMTH models. The five step 
process of MSTHAC is illustrated in Figure 28 and is explained in detail below. 

2.3.1 MSTHAC Step 1 : Assemble Effective Host-Rock Areal Mass Loading, AMLefwt,ite 
The temperature history from the SDT submodel is plotted for each of the 33 spatial locations for 
a ‘family’ of four AMLs (66, 55, 27 and 14 MTU/acre for the HT.OM, 55, 46, 23 and 11 
MTU/acre for the LTOM). The temperature results are then spatially interpolated to the 671 
locations for HTOM (762 locations for LTOM). The host-rock temperature rhstrk calculated by 
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the 3-D SMT submodel is compared against those calculated by the family of SDT submodels. 
The AMLefieCd, is obtained by interpolating the SMT-calculated ?'-.among the family of SDT- 
calculated Thstrk for each timestep. 

2.3.2 MSTHAC Step 2: Interpolate LMTH-Model Temperatures 
The next step in MSTHAC involves the family of LDTH submodels. For each timestep, the 
perimeter-averaged drift-wall temperature TdW is obtained by interpolation, using AML,,,,, and 
the family of four LDTH-calculated TdW curves (i.e., for each of the four AMLs). Because this 
value of Tdw is the result of a line-averaged-heat source and because it accounts for 3-D 
mountain-scale heat flow, it is called Tdw,LMTH. This process of generating LMTH-model 
temperatures is repeated at other drift-scale locations, such as in the invert and at various 
locations in the host rock, for all 671 repository locations in the HTOM and for all 762 repository 
locations in the LTOM. 

2.3.3 MSTHAC Step 3: Calculate DMTH-Model TH Variables 
After LMTH-model temperatures have been determined at all locations of interest, including the 
drift wall, invert, and various locations in the host rock, the next step in MSTHAC is to 
incorporate the influence of WP-to-WP variability in heat output, which is obtained from the 
family of DDT submodels. Local deviations in temperature (relative to line-heat-source-averaged 
conditions) are determined using a family of four DDT submodels (for each of the four AMLs). 
These temperature deviations are superimposed onto the LMTH-model temperature results. This 
process of generating DMTH-model temperatures is repeated at other drift-scale locations, such 
as in the invert and at various locations in the host rock, for all 671 repository locations in the 
HTOM and for all 762 repository locations in the LTOM. 

2.3.4 MSTHAC Step 4: Assembling Waste-Package-Specific Areal Mass Loading, 

The procedure for assembling AMLspcifc is very similar to that of assembling AMLeJecdve. The 
DMTH-model temperatures are compared against the family of LDTH-submodel temperatures. 
The AMLspecifi, is obtained by interpolating the DMTH-calculated temperature curve among the 
family of LDTH-calculated temperature curves for each timestep. This process is repeated at 
other drift-scale locations, such as in the invert and at various locations in the host rock, for all 
67 1 repository locations in the HTOM and for all 762 repository locations in the LTOM. 

AMLSp&k 

2.3.5 MSTHAC Step 5: Interpolate TH Variables for DMTH 
Once AMLspecific is determined at a particular geographic and waste-package-specific location, it 
is possible to determine corresponding thermohydrologic variables such as relative humidity. For 
example, the perimeter-averaged drift-wall relative humidity R H d ,  is obtained by interpolation, 
using the AML,,,ifi, and the family of LDTH-calculated R H d w  curves. This process of generating 
DMTH-model TH variables is repeated at other drift-scale locations, such as in the invert and at 
various locations in the host rock, for all 671 repository locations in the HTOM and for all 762 
repository locations in the LTOM. This process is repeated for all TH variables. 
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2.3.6 MSTHAC Step 6: Determine Relative Humidity on the Drip Shield and Waste 
Package 

The last MSTHAC calculation step involves the determination of relative humidity RH on the 
drip shield RHd, and waste package RH,; this output also pertains to the DMTH model. The 
values of RHd, and RH, are obtained in an analogous fashion. During the pre-closure period 
there is no drip shield over the waste package and RH, is obtained from the following 
expression: 

where RHdw and Tdw are the perimeter-averaged RH and Ton the drift wall, Twp is the waste- 
package temperature and Pat is the saturated vapor pressure. Note that Eqn. 1 holds in the 
absence of water dripping onto the waste package. Note also that Eqn. 1 does not account for the 
presence of relatively dry ventilation air in the drift. 

For the post-closure period, the drip shield overlies the waste package and the following 
expression applies to RH on the drip shield R&,: 

where RHd, and Tdw are the perimeter-averaged RH and Ton the drift wall, Td, is the perimeter- 
averaged Ton the drip shield, and Pmt is the saturated vapor pressure. Note that Eqn. 2 holds in 
the absence of water dripping onto the drip shield. Depending on the magnitude of this dripping 
flux, RH reduction on the drip shield will be diminished (CRWMS, 2000b). 

For the post-closure period, the drip shield overlies the waste package and the following 
expression applies to RH on the waste package RH,,: 

where RHd, and Tds are the perimeter-averaged RH and T on the drip shield, Tw is the waste- 
package T, and Pmt is the saturated vapor pressure. Note that Eqn. 3 holds in the absence of water 
dripping onto the waste package. 

2.4 MSTH-Model Cases 
"'he MSTH model is run for each case scenario, i.e., for each simulated repository scenario 
including pre-closure and post-closure. NUFT submodels are executed according to Section 2.2. 
Submodel results are extracted and integrated using MSTHAC according to Section 2.3. The 
final results of this process are the results of a MSTH-model simulation case. Each MSTH- 
model simulation case represents a complete pre- and post-closure repository simulation for a 
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specific scenario (e.g., the mean-infiltration-flux scenario) and for a specific repository 
operating-mode case (e.g., LTOM with line-load WP spacing and wider drift spacing). 

2.4.1 Key Factors Accounted for by the MSTH Model 
The MSTH model captures the influence of key factors affecting TH conditions in the 
emplacement drifts and in the surrounding host rock: 

Repository-scale variability of the local percolation flux 

Temporal variability of percolation flux (as influenced by climate change) 

0 Uncertainty in percolation flux (as represented by the mean, high, and low infiltration 
flux scenarios) 

0 Repository-scale variability in hydrologic properties (e.g., those properties which control 
fiacture-matrix interaction and capillarity in fractures and matrix) 

0 Edge-cooling effect, which increases with proximity to the edges of the repository 

0 Dimensions and properties of the EBS components, such as the drip shield and invert 

0 Waste package-to-waste package variability in heat-generation rate 

0 Repository-scale variability in overburden thickness 

0 Repository-scale variability in rock thermal conductivity with an emphasis on the 
host-rock units. 

2.4.2 Total Submodel Simulations Per MSTH-Model Case 
The MSTH model involves mountain-scale calculations and drift-scale calculations at 33 
repository locations to capture the influence of the repositoryEBS design and operational 
parameters as well as the variability of TH properties, overburden thickness, boundary 
conditions, and percolation flux. For this Calculation Report a given MSTH-model case requires 
a large number of submodel calculations including the following: (1) one SMT-submodel 
simulation, (2) 4 DDT-submodel simulations, (3) 396 (33 locations x 4 AMLs x 3 infiltration- 
flux scenarios) LDTH-submodel simulations, and (4) 396 (33 locations x 4 AMLs x 3 
infiltration-flux scenarios) SDT-submodel simulations. To model the preclosure ventilation 
period, the number of model runs was doubled (one pertains to the pre-closure period and the 
other pertains to the post-closure period), but these additional runs were for a shorter time period 
(CRWMS M&O 2000b [DIRS 1498621, Section 6.6.1). Ventilation was modeled using a WP- 
design criteria that 70 percent of the heat generation removed (by ventilation) for 50 yr for the 
HTOM and 80 percent be removed for 300 yr for the LTOM, as stated in the Ventilation Model 
(CRWMS M&O 2OOOk [DIRS 1209031, Section 6.1). 
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Temperature, relative humidity, and other quantities were calculated for 67 1 repository locations 
for the HTOM and for 762 for the LTOM. These quantities were abstracted by Francis (2001??) 
for the two principal WP groups (CSNF and HLW WPs). The 671 HTOM locations are shown in 
Figure 21. 

Ten different waste packages are considered at each of the 671 locations for the HTOM (762 for 
the LTOM), resulting in 6710 individual environment histories for the HTOM (7620 for the 
LTOM). These histories were abstracted into 30 groups for WP corrosion, radionuclide release, 
and EBS-transport calculations. The same TH results were determined for all three 
infiltration-flux scenarios (mean-, high-, and low-flux scenarios) in the TSPA-SR model. The 
TH results were combined into ten distinct groups: five infiltration-flux bins (grouped on the 
basis of infiltration flux) for each of the two WP groups (CSNF and HLW WPs) (CRWMS 
M&O 2001 [DIRS 154594). However, because of the importance of the variability in waste 
package failure time, the full suite of 1342 sets of HTOM results and 1524 LTOM results 
(number of repository locations times two WP groups) were provided as input to the WP- and 
drip-shield-degradation models. Where bin averaging was not noted in TSPA-SR (CRWMS 
M&O 2000j [DIRS 1532461, Figure 3.3-7), the full set of spatial locations is identified. A 
complete list of EBS and NFE variables calculated with the MSTH model at alllocations is 
provided in Table 14. 

The procedures used for averaging the various TH quantities over the infiltration bins are 
described in detail in Abstraction of NFE Drift Thermodynamic Environment and Percolation 
Flux (CRWMS M&O 2001 [DIRS 1545941). There is one case where the thermal hydrology 
abstraction does not simply average information from the MSTH model which is in the 
determination of the evaporation rate of water at the top of the drip shield. One of the 
parameters used for the in-drift chemical environment abstraction is the ratio of water 
evaporation rate to water in flow rate. The MSTH model can calculate these quantities only in a 
porous medium, which is not the situation at the top of the drip shield. The seepage flow rate at 
the top of the drip shield is taken from the seepage abstraction, and the evaporation rate is 
bounded by the amount of heat available to vaporize water on the upper portion of the drip 
shield. These bounding values are used to estimate how much water could be evaporated by the 
waste package heat output at any given time (CRWMS M&O2001 [DIRS 1545941, 
Section 6.3.10). 

2.4.3 Accounting for the Influence of Drift Ventilation 
For an MSTH model scenario that does not involve drift ventilation, the calculation sequence 
described in the following sections is executed once. For an MSTH-model scenario that involves 
drift ventilation during the pre-closure period (which is the case for this Calculation Report), the 
following MSTH model calculation sequence is executed twice, once for pre-closure and once 
for post-closure. The sequence of running pre-closure and post-closure runs for each of the 
submodels is discussed in their respective subsections of Section 2.2. 

2.4.4 Accounting for the Emplacement of the Drip Shield 
If an MSTH-model case involves the emplacement of a drip shield, it is necessary to break up the 
LDTH- and DDT-subrnodel calculations into two parts. For the pre-closure period, the LDTH 
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and DDT submodels are conducted with a drift without the drip shield. A restart file is generated 
for each of the pre-closure submodel runs to start the corresponding post-closure submodel run 
that includes either a drip shield; the post-closure submodel is started at the time of closure. 

2.4.5 Binning TH Results 
For each of the repository location (also referred to as a repository subdomain) the WP 
sequencing as represented in the DDT model is as follows: ?4 PWR, DHLW-L, PWR, BWR, 
DHLW-L, BWR, DHLW-S, PWR, and ?4 BWR. The WP spacings are shown in Figure 26 for 
the HTOM and Figure 27 for the LTOM. 

For a given repository subdomain and WP group, an average WP temperature history and an 
average WP relative humidity history are calculated on the basis of a simple average. For each 
WP in the group, the sum of the normalized differences is summed over time as follows: 

where Twp is the WP temperature (calculated in Section Error! Reference source not found.), 
RHWP is the WP relative humidity, is the average WP temperature (based on a simple 
average) and RHwpaVg is the average WP relative humidity (based on a simple average) in that 
repository subdomain and WP group. The WP with the minimum sum is selected as being 
represented of that repository subdomain and WP group. 

2.5 TH Variable Calculations in MSTH Model 
Temperatures are the first variables to be calculated in the MSTH model. After LMTH-model 
temperatures have been determined at all locations of interest, including the drift wall, invert, 
and various locations in the host rock, the next step in MSTHAC is to incorporate the influence 
of waste-package-to-waste-package variability in heat output, which is obtained from the family 
of DDT submodels. The results of this step are the DMTH-model temperatures, The specific 
variables solved for with the MSTH model are listed in Table 14. 

3 ASSUMPTIONS 

3.1 Boundary Conditions 

3.1.1 SMT Submodeis 
The heated footprint of the repository area is adequately represented as shown in Figure 21 for 
the HTOM and LTOM. The variability of surface topography and temperatures across the top 
boundary of the repository is adequately represented by the gridding of the SMT submodels. 

Rationale: The actual repository footprint has an area of 4.60 km2 for the HTOM and 5.52 km2 
for the LTOM (BSC 2001g [DIRS 1545541, BSC 2001h [154477]). The modeled repository 
footprint is 4.65 km2 for the HTOM and 5.58 km2 for the LTOM, which are both within 1 
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percent of the actual areas of the LTOM and the HTOM. The SMT-submodel grid resolution 
(and corresponding MSTH-model grid resolution) is precise enough that the MSTH-model 
results would not be affected by increasing the grid resolution. This assumption does not require 
confirmation. 

3.1.2 Drift-scale-Submodel Locations 
The 33 drift-scale-submodel locations are evenly spaced throughout the repository as shown in 
Figure 22. The variability of stratigraphy, temperature, pressure, and infiltration flux across the 
top boundary of the repository is adequately represented by determining these values at the 33 
locations in coZumn.duta (CRWMS M&O 2000b [DIRS 1498621) and illustrated in these figures. 
This assumption is implicit in the file coZumn.data (CRWMS M&O 2000b [DIRS 1498621). 

Rationale: The 33 drift-scale-submodel locations are evenly spaced throughout the repository 
area and capture the repository-scale variability of the key variables such as overburden 
thickness, local host-rock unit, and infiltration flux. The MSTH-model results would not be 
significantly affected by increasing the number of drift-scale-submodel locations. This 
assumption does not require confirmation. 

3.1.3 Gaussian Interpolation 
The normalized results from Gaussian interpolation [(Isaaks and Srivastava 1989 [DIRS 
1090181, p. 208) and (Kitanidis 1997 [DIRS 1014031, p. 54); see Eq. XIV-21 adequately 
represent infiltration rates. 

This assumption is used in all LDTH submodels through incorporation in the NUFT input files 
(CRWMS M&O 2000b [DIRS 1498621; files: *.in). The interpolated data is in the files output 
from ColumnInfiltration (CRWMS M&O 2000b [DIRS 1498621; 9 files: *.out; see Sub- 
flowchart 8, Figure 12). 

Rationale: The Gaussian method strongly weights the closest points. For a given point, the 
infiltration rates at relatively close points are the best indicators. It was the author’s choice to use 
this method for its application in this document. This assumption does not require confirmation. 

3.1.4 Inverse Distance Interpolation 
The inverse distance equation (Isaaks and Srivastava 1989 [DIRS 1090181, p. 258. See 
Table XIII-1 for this equation) is appropriate for interpolating temperature and pressures at 
model boundaries. Chim-surf-wt-TP2 (Section 4.2.9) interpolate the temperature and pressure 
at the ground surface and water table using the inverse distance cubed equation. SMT-surf-bc3 
and SMT-bot-bc3 (Sections 4.2.13 and 4.2.14) use the inverse distance squared equation to 
interpolate temperatures at the boundaries of the SMT submodels (Section 2.2.1.3). 

Rationale: The inverse distance method strongly weights the closest points. The actual power 
chosen is subjective and has a negligible effect on the numerical results. For a given point, the 
temperature and pressure at relatively close points are the best indicators. It was author’s choice 
to use this method for its application in this document. This assumption does not require 
confirmat ion. 
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3.1.5 Relative Humidity at the Ground Surface 
The relative humidity at the ground surface is assumed to be 100%. This assumption affects all 
LDTH-submodel input files. 

Rationale: The infiltration flux used in the LDTH submodels is the net infiltration flux that 
already accounts for the influence of evapotranspiration in the soil zone at Yucca Mountain 
(CRWMS M&O 2000 [DIRS 1432441. Thus, the influence of the relatively low atmospheric 
relative humidity at Yucca Mountain has already been implicitly factored into the LDTH 
submodels. It would be invalid to apply the actual atmospheric relative humidity conditions at 
Yucca Mountain in the LDTH submodels because this would result in the double-accounting of 
the influence of evaporation on infiltration flux. This assumption does not require confirmation. 

3.1.6 LDTH-Submodel Boundary Conditions 
The density of the upper boundary is assumed to have a value of 1x108 Kg/m3. The heat capacity 
of the upper boundary is assumed to have a value of lx103 J/Kg-K. The thermal conductivity of 
the upper boundary is assumed to have a value of 0.0254 W/m-K. 

Rationale: The values used for this boundary condition are required in the NUFT input files, but 
the specific values chosen have no numerical impact. The thickness of this boundary is l ~ l O ’ ~ ~ m  
and the conditions are held constant by NUFT. Thus, the very small thickness of the upper 
boundary renders the value of thermal conductivity at the upper boundary as being 
inconsequential. These values are used in 2.2.2.3 through incorporation in the files: dkm-ufc- 
IDds-mc-Zi-01, dkm-ufc-I Dds-mc-mi-01, and dkm-afc-IDds-mc-ui-01. This assumption does not 
require confirmation. 

3.1.7 SMT-, DDT-, and SDT-Submodel Boundary Conditions 
The mass density of the upper boundary is assumed to have a value of 1.185 kg/m3. The large 
value of mass density is used to treat the upper boundary as a fixed-property boundary. The heat 
capacity of the upper boundary is assumed to have a value of lX103 Jlkg-K. The thermal 
conductivity of the upper boundary is assumed to have a value of 0.0254 W/m-K. These values 
are used in Sections 2.2.1.3, 2.2.3.2, and 2.2.4.3 through incorporation in the file SDT-1Dds-mi 
(CRWMS M&O 2000b [DIRS 1498621). 

Rationale: The values used for this boundary condition are required in the NUFT input files, but 
the specific values chosen have no numerical impact. The thickness of this boundary is 1XlO”’m 
and the conditions are held constant by NUFT. Thus, the very small thickness of the upper 
boundary renders the value of thermal conductivity at the upper boundary as being 
inconsequential. This assumption does not require confirmation. 
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3.2.1 Permeability of the Drip Shield and Waste Package 

The drip shield and W P  are assumed to be impermeable for the entire duration of the MSTH 
model simulation. 

Rationale: These EBS components will take a long time to fail, and it is beyond the scope of this 
document to model their failure. 

3.2.2 Tortuosity of Invert Materials 

The assumed value for tortuosity of the invert materials is 0.7. This assumption is used in all 
NUFT input files (used throughout). 

Rationale: This value is consistent with the tortuosity values for the natural barrier system. This 
assumption does not require confirmation. 

3.2.3 Satiated Saturation of Invert Materials 

The assumed value for satiated saturation of the invert materials is 1.0. This assumption is used 
in all NUFT input files (used throughout). 

Rationale: This is an upper bound for this parameter, and is therefore conservative. This 
assumption does not require confirmation. 

3.2.4 Thermal Conductivity Used in Conduction-Only Submodels 

The thermal conductivity data is provided for both dry and wet conditions. The conduction-only 
submodels (SDT, DDT, and SMT submodels) cannot explicitly represent the influence of liquid 
saturation on thermal conductivity. Because the rock is predominately closer to being fully 
saturated (Le., wet), it was decided to assume the wet value of thermal conductivity (See Table 
19) for all of the conduction-only submodels. This assumption is used in Sections 2.2.1.5, 2.2.3.4 
and 2.2.4.5, and has no effect on the results of the MSTH model. 

Rationale: This assumption has no effect on the MSTH model results because the influence of 
liquid saturation is explicitly represented by the LDTH submodels. The MSTHAC methodology 
(see Section 2.3) automatically corrects for the influence of TH processes (including liquid 
saturation) on temperature. As long as the SDT and SMT submodels utilize consistent 
assumptions (and data) concerning the thermal conductivity of the stratigraphic units, then the 
influence of liquid saturation on temperature is rigorously accounted for. As for the validity of 
this assumption in the DDT submodel, it is important to note that the DDT submodel is only used 
for two purposes: (1) calculating the temperature difference between the WP and drip shield and 
(2) calculating the longitudinal temperature variations along the drift axis. Neither of these 
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quantities is influenced by whether wet or dry thermal conductivity is applied in the host rock. 
This assumption does not require confirmation. 

3.2.5 Saturated-Zone Thermal Conductivity 

The SMT submodel (Section 2.2.1) is the only submodel that explicitly represents the saturated 
zone (SZ). A description of the distribution of the stratigraphic units below the water table is not 
available; therefore, there was no available data source for determining the distribution of the 
stratigraphic units in the SZ portion of the SMT submodel. An assumption is made that the SZ is 
comprised of the ppl unit because it is the predominant stratigraphic unit at the water table for 
the 33 drift-scale-submodel locations. At 14 out of 33 drift-scale-submodel locations, the pp 1 
unit is at the water table. Used in Section 2.2.1. 

Rationale: The ppl unit is the predominant unit at the water table of the 33 drift-scale-submodel 
locations (with 14 out of 33 locations having the ppl unit at the water table). Furthermore, for 
the 5 stratigraphic units (pp4, pp3, pp2, ppl, bf3, and bf2) that reside at the water table in the 33 
drift-scale-submodel locations, the average wet thermal conductivity is 1.375 W/m-K [ 1.375 = 
(1.21 + 1.26 + 1.26 + 1.33 + 1.83 + 1.36)/6], which is very close to the value of wet thermal 
conductivity in the ppl unit (1.33 W/m-K). The output of this report is not sensitive to this 
assumption, and therefore this assumption does not need confirmation. 

3.2.6 Thermal Conductivity and Density for the Active Fracture Model 
The thermal conductivity and density values of the fracture and matrix are apportioned by the 
following 

fracture conductivity = total conductivity x (fracture porosity) 
matrix conductivity = total conductivity x (1 - fracture porosity) 
fracture density = total density x (fracture porosity) 
matrix density = total density x (1 - fracture porosity) 

Rationale: There is no commonly accepted approach to apportioning fracture and matrix 
conductivity and density. However, it is important to note that we conserve the total value of 
conductivity and the total value of density. Therefore, the total conductive heat flow is the same 
as a single continuum with the same total value of thermal conductivity. Similarly, during the 
transient (heat-up) period, we honor the correct mass density of the rock mass. This assumption 
has no impact on this model. This method is used in all submodels (used throughout). This 
assumption does not require Confirmation. 

3.2.7 Thermal Conductivity, the Lower and Upper Invert Layer 
The thermal conductivity of the crushed tuff invert material was taken from the Repository 
Subsurface Design Infomation to Support TSPA-SR. Input Transmittal PA-SSR-99218.T~ 
(CRWMS M&O 2000f [DIRS 1491371, p. 23). The specific heat capacity and density for the 
crushed tuff properties were taken from Repository Subsurface Design Infomation to Support 
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TSPA-SR. Input Transmittal PA-SSR-99218.Ta (CRWMS M&O 1999d [DIRS 1056631, Item 2 
pp. 13-14) . Used in Section 2.2.2.5. 

These data from unqualified sources are assumed to adequately describe the thermal 
conductivity, specific heat capacity and density of the crushed tuff invert material in the TH 
model. This assumption is justified because the data are the best available and were developed by 
applying sound engineering judgment. Any variations in the data that may occur as the 
qualification process is advanced are not expected to be substantial enough to impact model 
conclusions. 

For this Calculation Report, the entire invert is assumed to have a thermal conductivity Kth of 
0.15 w/mK, which is the value of Kh for pure crushed Tuff. The steel beams in the invert are 
assumed to have a negligible influence on Kh. Because the Kh of the steel beams is much greater 
than that of the invert, this assumption is conservative with respect to predicting peak 
temperatures on the WP and drip shield. This assumption is used in all LDTH and DDT 
submodels. 

Rationale: The value of ICt,, in the invert is applied to the DDT submodels as well as to the LDTH 
submodels. An important function of the DDT submodels is to predict the WP-to-WP variability 
of temperature conditions along the emplacement drifts. It is important not to over predict axial 
attenuation of WP-to-WP temperature variability of (by virtue of the choice of Kth in the upper 
invert layer in the DDT submodels). Therefore, using the Kh for pure crushed Tuff for the entire 
invert is conservative with respect to predicting WP-to-WP variability in temperatures in the 
DDT submodels. Using the Kh of pure crushed Tuff for the entire invert is conservative with 
respect to predicting peak temperatures on the WP and drip shield in the DDT and LDTH 
submodels. A sensitivity study of the invert Kh found the influence of this assumption to be 
negligible (BCS 2001d, Section 5.3.1.4.10). 

3.3 Heat Generation and Heat Transfer 

3.3.1 Constant Heat Flux 
The geothermal heat flux is constant (i.e., does not change with time).. This assumption allows a 
simplification in the heat transfer equations. 

Rationale: This assumption has no impact on this model, and does not require confirmation. 
Used in Section 2.2.2.3. 
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3.3.2 Effective Thermal Conductivity for Approximating the Influence of Thermal 
Radiation for DDT Submodels 

The effective thermal conductivity for approximating the influence of thermal radiation in the 
drift cavity between the drip shield and drift wall is obtained from Francis (2001 [DIRS 
1553211). It is assumed that the data contained in DTN SN9908TO872799.004 adequately 
approximates the influence of thermal radiation between the drip shield and drift surfaces (i.e., 
drift wall and drift floor), using a time-dependent effective thermal conductivity . This 
assumption is only used for times greater than 10,OOO yr in the DDT submodels for the LTOM. 

Rationale: The justification for this assumption is that these data are the only available source 
for these parameters and were developed using technically sound measurement and analytical 
methods. 

3.3.3 Effective Thermal Conductivity Approximating the Influence of Thermal 
Radiation In the Drift for LDTH Submodels 

For the preclosure LDTH submodels, a different effective thermal conductivity than the one 
described in Section 3.3.3 is used for the drift cavity between the waste package and drift wall. It 
is assumed that the data contained in the unqualified DTN SN9907TO872799.002 (TBV 3975) 
adequately describe the time-dependent thermal effective conductivity Ktheff of the air in the 
emplacement drift. The data contained in that DTN were developed from unqualified sources 
that do not meet current data quality requirements. This assumption is only used for preclosure 
LDTH submodels. 

Rationale: The justification for this assumption is that these data are the only available source 
for these parameters and were developed using technically sound measurement and analytical 
methods. This assumption has no effect on postclosure MSTH-model results. 

3.3.4 Effective Thermal Conductivity Approximating the Influence of Buoyant-Gas- 
Phase Convection On Heat Transfer In the Drift for LDTH Submodels 

The effective thermal conductivity for approximating the influence of buoyant-gas-phase 
convection on heat transfer in the drift cavity between the drip shield and drift wall is obtained 
from Francis (2001 [DIRS 1553211). It is assumed that the data contained in DTN 
SN9908T0872799.004 adequately approximates the influence of buo yant-gas-phase convection 
on heat transfer between the drip shield and drift surfaces (i.e., drift wall and drift floor), using a 
time-dependent effective thermal conductivity. This assumption is used for all postclosure LDTH 
submodels. 

Rationale: The justification for this assumption is that these data are the only available source 
for these parameters and were developed using technically sound measurement and analytical 
methods. 

3.4 Geometric description of the EBS and material properties 
Repository layout parameters, which include the footprint, waste package dimensions and drift 
geometry outlined in Sections 3.4.1 through 3.4.8 below are from CRWMS M&O 2000g [DIRS 
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15 14671 and 1999e [DIRS 1246301. The assumed parameters represent the repository design in 
effect at the time this document was developed and are the best available information for the 
purpose of TH modeling. 

3.4.1 Repository Footprint 
The coordinates of the drift endpoints are given in the file dftl.dat. The HTOM layout is given 
in the design analysis Site Recommendation Subsurjiace Layout, ANL-SFS-MG-000001 Rev00 
ICN 01 (BSC 2001h [DIRS 1544771). The LTOM layout is given in the design analysis Lower- 
Temperature Subsurjiie Layout and Ventilation Concepts, ANL-WER-MD-000002 Rev00 
(BSC 2001g [DIRS 1545541). These coordinates were used to develop the repository footprint 
representation used in the SMT submodel (Section 2.2.1.1), and to generate the 33 LDTH- 
submodel locations. 

Rationale: This is a representative layout of the repository, the actual footprint may vary within 
the confines of this overall layout. This assumption does not require confirmation. 

3.4.2 Waste Package Lengths and Sequencing 
The waste package (WP) lengths and WP sequencing is taken from the Design Input for the 
Engineered Barrier System Environment and Barriers (BSC, 2001c [DIRS 1544611). Figure 25 
shows the WP lengths, and WP sequencing (including WP-to-WP spacing) that is used in this 
AMR. 

Rationale: This is a representative layout of the waste package lengths and spacing. This 
assumption does not require confirmation. 

3.4.3 Drip Shield Radius 
The portion of the drip shield above the centerline of the WP has an inside radius of 1.256 m 
This information is found in the Subsurjiace Facility System Description Document (CRWMS 
M&O 2000g, Section 1.2.1.5. This information is used in the LDTH submodels (Section 2.2.2) 
and in the DDT submodels (Section 2.2.4). 

Rationale: This assumption is a representation of the drip shield, the final version may vary 
within the confines of these general parameters. This assumption does not require confirmation. 

3.4.4 Location of Waste Package 
The WP centerline is 1.883 m above the bottom of the drift and 0.867 m below the springline. 
This information is found in the Subsurjiace Facility System Description Document (CRWMS 
M&O 2000g, Section 1.2.1.5).. This information is used in the LDTH (Section 2.2.2) and DDT 
submodels (Section 2.2.4). 

Rationale: This assumption depicts the general location of the waste package within the confines 
of the emplacement drift and may vary in the final configuration. This assumption does not 
require confirmation. 
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3.4.5 Waste-Package Diameter 
The WP outer diameter is 1.67 m and is taken as the average diameter for the inventory from the 
Enhanced Design Alternative (EDA) II Repository Estimated Waste Packuge Types and 
Quantities. (CRWMS M&O 1999b [DIRS 1280281 Item 1 pp. 25-26) (TBV-4902). This 
information is used in the DDT submodels (Section 2.2.4). 

Rationale: This assumption only influences two aspects of the MSTH model: ( 1 )  the temperature 
difference between the waste package and drip shield and (2) the waste-package-to-waste- 
package variation of this temperature difference. Note that this temperature difference depends 
on the waste-package heat output. The 21-PWR and 44-BWR CSNF waste packages, comprising 
nearly all waste packages with an appreciable heat output (CRWMS M&O 1999b [DIRS 
1280281, Worksheet 3 p.18), have diameters of 1.564 m and 1.594 m, respectively (CRWMS 
M&O 1999b [DIRS 1280281, Table 8 p. 25), which are very close to the value of 1.67 m in the 
DDT submodels; these waste packages also comprise a large portion (7 1.3 percent) of the overall 
waste-package inventory (CRWMS M&O 1999b [DIRS 1280281,Worksheet 3 p. 18). Waste 
packages that deviate more from this average diameter, such as the 24-BWR 1.238-m-diameter 
CSNF waste packages and the 5-DHLWDOE 2.03-m-diameter co-disposal waste packages, 
generate much less heat and also comprise a relatively small portion of the overall waste-package 
inventory. Therefore, the assumed diameter of 1.67 m is very close to the actual diameter for the 
majority of waste packages in the overall inventory and is also very close to the diameter of the 
waste packages generating an appreciable temperature difference between the waste package and 
drip shield. This assumption does not require confirmation. 

3.4.6 Gap Between Waste Package and Drip Shield 
The gap between the top half of the WP and the drip shield is 0.405 m. This information can be 
determined from the Subsurface Facility System Description Document (CRWMS M&O 2000g, 
Section 1.2.1.5). This information is used in the DDT submodels (Section 2.2.4). 

Rationale: This assumption depicts the average case for spacing, actual spacing may vary within 
the overall confines of the assumption. This assumption needs to be consistent with the waste- 
package-diameter assumption (Section 3.4.5). Because thermal radiation is the dominant mode of 
heat transfer between the waste package and the drip shield, the gap between the waste package 
and drip shield has little influence on predicted behavior in the MSTH model. This assumption 
does not require confirmation. 

3.4.7 Gap Between Waste Package and Invert 
The gap between the bottom of the WP and the invert is 0.242 m. This information can be 
determined from the Subsu$ace Facility System Description Document (CRWMS M&O 2000g, 
Section 1.2.1.5). This information is used in the DDT submodels (Section 2.2.4). 

Rationale: This is an overall representation of this dimension. This assumption does not require 
confirmat ion. 
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3.4.8 Invert Height 
The top of the invert is 0.806 m above the bottom of the drift. This information is found in the 
Subsurface Facility System Description Document (CRWMS M&O 2000g, Section 1.2.1.5). This 
information is used in the LDTH (Section 2.2.2) and DDT submodels (Section 2.2.4). 

Rationale: This is an overall representation of the invert. This assumption does not require 
confirmation. 

4 USE OF SOFTWARE 
A complete list of the software and the associated software tracking number (STN) is listed in 
Table 3. Each is designated by type of software: software, routine or macro. 

4.1 Description of Software 
All unqualified software codes used in the preparation of this document are under software 
configuration management in accordance with AP-SI. lQ, Software Management [DIRS 1544181 
and have associated software tracking numbers. The names and software tracking numbers for 
the unqualified codes used in this document are NUFT ~3.0s  (NUFI', STN: 10088-3.0s-00), 

OO), and MSTHAC v6.4.2 (MSTHAC, STN: 10419-6.4.2-00). The software described in this 
section is used in the following data-flow diagrams (Figure 3 through Figure 20). A more 
detailed description of these diagrams is given in following sections of this AMR. The computer 
software used was run on computers located in Lawrence Livermore National Laboratory. 

RADPRO ~3.22  (RADPRO, STN: 10204-3.22-00), XTOOL ~ 1 0 . 1  (XTOOL, STN: 10208-10.1- 

4.1 .I NUFT ~ 3 . 0 s  
NUFT ~3.0s  is classified as an unqualified software program (per AP-SI.lQ, Software 
Management [DIRS 146376]), and was obtained from configuration management. NUFT was 
run on a Sun Ultra 10 workstation with a SunOS 5.6 operating system. NUFI' is used to predict 
the conditions in the EBS and natural barrier system. NUFI' is appropriate for this task. 

4.1.2 RADPRO v3.22 
RADPRO v3.22 is classified as an unqualified software program (per AP-SI.lQ, Sofiare 
Management [DIRS 146376]), and was obtained from configuration management. RADPRO was 
run on a Sun Ultra 10 workstation with a SunOS 5.6 operating system. RADPRO is used to 
predict the radiative heat transfer in the drift. RADPRO is appropriate software for this task. 

4.1.3 XTOOL vl0.I 
XTOOL v10.1 is classified as an unqualified software program (per AP-SI.lQ, Software 
Management [DIRS 146376]), and was obtained from configuration management. The output 
from XTOOL is graphical (no actual data is produced with XTOOL). XTOOL is tracked in 
accordance with AP-SI.1Q because it is not commercial software. XTOOL is used to develop 
graphical representations of the results in the NUFI' output files (XVIII-files: *.out). XTOOL is 
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appropriate software for this task. Software programs used to produce figures that are not used 
for model validation are exempt from AP-SI.1Q requirements. XTOOL was run on a Sun Ultra 
10 workstation with a SunOS 5.6 operating system. 

4.1.4 MSTHAC v6.4.3 
MSTHAC v6.4.3 is classified as an interim unqualified software program (per AP-SI.lQ, 
Software Management [DIRS 1463761) and has the following associated STN: 10419-6.4.3-00. 
MSTHAC 6.4.3 was obtained from configuration management. MSTHAC v6.4.3 was run on a 
Sun Ultra 10 workstation with a SunOS 5.6 operating system. MSTHAC v6.4.3 is used to predict 
the multiscale TH conditions based on the various NUFT submodel runs, MSTHAC v6.4.3 is 
appropriate software for this task. It now incorporates the former SplitEXT vl .O routine. 

4.2 Description of Routines and Macros 
All routines and macros used in the preparation of this document are qualified in this document 
or have associated software tracking numbers. The routines qualified in this document are given 
in Table 7 and are discussed below. 

4.2.1 CONVERTCOORDS vl.1 
CONVERTCOORDS vl.1 is classified as routine per AP-SI.1Q [DIRS 1463761, has the 
following associated STN: 10209-1.1-00, and was obtained from configuration management. 
CONVERTCOORDS is used to convert from Universal Transverse Mercator coordinates to 
Nevada State Plane coordinates, as well as to reformat the data (CRWMS M&O 2000b [DIRS 
1498621, files: *.infl. The desired format is columns of data, with the input files in a matrix 
format. CONVERTCOORDS is appropriate software for this task. CONVERTCOORDS was run 
on a Sun Ultra 2 workstation with a SunOS 5.6 operating system. 

4.2.2 YMESH vl.53 
YMESH v1.53 is classified as a routine per AP-SI.1Q [DIRS 1463761, has the following 
associated STN: 10172-1.53-00, and was obtained from configuration management. YMESH is 
used in this model to interpolate the thickness of the stratigraphic units at given locations. The 
input file for YMESH is LBL99-YMESH (CRWMS M&O 2000b [DIRS 1498621). The output 
from this software is column.dat (CRWMS M&O 2000b [DIRS 1498621). YMESH is 
appropriate software for this task. YMESH was run on a Sun Ultra 2 workstation with a SunOS 
5.6 operating system. 

4.2.3 makeColumns VI .1 
The routine makeColumns is classified as a routine per AP-SI.1Q [DIRS 1463761 and is 
currently under qualification review. It creates a family of YMESH input files to generate a 
family of chimney meshes at a set of specified locations. The input files to makeColumns are 
column-template and column.a!ata (CRWMS M&O 2000b [DIRS 1498621). This routine is 
qualified and is appropriate for its purpose. Routine makeColumns was run on a Sun Ultra 2 
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workstation with a SunOS 5.6 operating system. Routine makeColumns~2001 was developed 
using a C++ compiler. 

4.2.4 define-EBS-fineGrid VI .4 

The routine define-EBS-fineGrid v1.4 is classified as a routine per AP-SI.1Q [DIRS 1463761 
and is currently under qualification review. Its purpose is to convert NUFT genmsh files, created 
with YMESH, to separate sets of “matrix” and “fracture” mesh definition instructions, and to add 
a mapping of materials for the EBS to the mesh. Input files for the routine are *.nft (CRWMS 
M&O 2000b [DIRS 1498621). Output files are *.nft.mmsh.dkm.m, *.nf.msh.dhJ *.nft.msh.dkmO, 
*.nf.mh.dkmO.m, and *.nft.msh.dkmO.f (CRWMS M&O 2000b [DIRS 1498621). 
Define-EBS-fineGrid is qualified and is appropriate for its purpose. Routine 
define-EBS-fineGrid was run on a Sun Ultra 2 workstation with a SunOS 5.6 operating system. 
Routine define-EBS-fineGrid was developed using a C++ compiler. 

4.2.5 readsunits VI .O 

Routine readsunits v1.0 is classified as a routine per AP-SI.1Q [DIRS 1463761 having STN 
10602-1.0-00. It converts YMESH column type output to I” comments indicating for each 
rock layer how thick the layer is for a given column. It adds together the widths of adjoining 
zones of the same material, if any. The input to readsunits is a file results and the output is 
called resuZts.units (CRWMS M&O 2000b [DIRS 1498621). Routine readsunits is qualified and 
is appropriate for its purpose. Routine readsunits was run on a Sun Ultra 2 workstation with a 
SunOS 5.6 operating system. Routine readsunits was developed using a C++ compiler. 

4.2.6 addLayers VI .O 

The routine addLayers v1.0 is classified as a routine per AP-SI.1Q [DIRS 1463761 having STN 
10603-1.0-00. Routine addLayers modifies NUF” mesh input data by adding an atmosphere or 
“atm” layer to the top and a water table or “wt” layer to the bottom of the zones for a chimney. 
The atm layer has depth zero, and the wt layer falls below the lowest rock layer. The routine is 
qualified and is appropriate for its purpose. Routine addLayers was run on a Sun Ultra 2 
workstation with a SunOS 5.6 operating system. Routine addLayers was developed using a C++ 
compiler. 

4.2.7 addlay vl .O 

Routine addlay v1.0 is classified as a routine per AP-SI.1Q [DIRS 1463761 having SMN Number 
10604-SUN- 1 .GOO and SMR 10604-SMR- I .O-00. Routine addlay v 1 .O, like addlayers, reads a 
NUFT genmsh file generated by YMESH and inserts an atmospheric and a water table layer at 
the top and bottom of the mesh. In addition, it removes the five lines of NUFT instructions 
preceding the vertical zone thickness definitions and the final closing parenthesis. Routine 
addlay demonstrated correct behavior relative to its objective. Routine addlay was run on a Sun 
Ultra 2 workstation with SunOS 5.6 operating system and was developed using a C++ compiler. 
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4.2.8 columninfiltration VI .2 

Routine columdnfiltration v1.2 is classified as a routine per AP-SI.IQ [DIRS 1463761 and is 
currently under qualification review. The purpose of this routine is to interpolate the infiltration 
at a given (x,y) location using a Gaussian weighting function (Section 3.1.3). This routine is 
qualified and is appropriate for its purpose. This routine was run on a Sun Ultra 2 workstation 
with a SunOS 5.6 operating system. Routine columnInfiltration was developed using a C++ 
compiler. 

4.2.9 chim-surf-wt-TP2 v 1 .O 

Routine chim-surf-wp-TP2 is classified as a routine per AP-SI.1Q [DIRS 1463761 and is 
currently under qualification review. This routine is a combination of previous software 
chim-surf-TP (STN: 10613-1.0-OO), chim-wt-TP (STN: 10614-1.0-00) and xairtab v1.8 (STN: 
10607-1.8-00). The purpose of chim-surf-wp-TP2 is to interpolate the temperature and pressure 
at the ground surface and at the water table for a given location using the inverse distance cubed 
method. Routine chim-surf-wt-TP2 also reads the boundary condition file chimy-sur$ace-TP 
(CRWMS M&O 2000b [DIRS 1498621) and computes air mass fraction and liquid enthalpy at 
the surface for each chimney. Routine chim-surf-wp -TP2 was run on a Sun Ultra 2 
workstation with a SunOS 5.6 operating system and was developed using a Fortran compiler. 

4.2.10 infiltab VI .O 

Macro infiltab v1.0 is classified as a macro per AP-SI.1Q [DIRS 1463761 having STN 10608- 
1 .O-00. It extracts infiltration flux data from the input file infZtration.tex (CRWMS M&O 2000b) 
and writes the following 9 output files (CRWMS M&O 2000b [DIRS 1498621) in matrix format: 
Medians. dat, Median-m. dat, Medianq. dat, 10w-g. dat, lo w-m. dat, lowq.  dat, uppers .  dat, 
upper-m.dat, and upperg.dat. Zn.1trab.m is qualified and is appropriate for its purpose. Macro 
infiltab was run on a Sun Ultra 2 workstation with a SunOS 5.6 operating system. Macro infiltab 
was developed using Matlab. 

4.2.1 1 rock-LDTH VI .O 

Macro rock-LDTH v1.0 is classified as a macro per AP-SI.lQ [DIRS 1463761 and is currently 
under qualification review. Macro rock-LDTH v l  .O is similar to macro rock-SUN v. 10 which is 
classified as a macro per AP-SI.1Q having STN 10327-1.0-00. Macro rock-LDTH includes 
lithophysal porosity which rock-SUN does not. The purpose is to extract material property data 
from the Id-dri$tscaZe*.prn files (CRWMS M&O 2000b [DIRS 1498621) and rewrite it 
formatted as input for NUFT. Routine rock-LDTH is for a DKM continuum. Macro rock-LDTH 
was run on a Sun Ultra 2 workstation with a SunOS 5.6 operating system and was developed 
using Matlab. 
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4.2.1 2 rock-SDT vl .O 
Macro rock-SDT v1.0 is classified as a macro per AP-SI.1Q [DIRS 1463761 and is currently 
under qualification review. Macro rock-SDT v1.0 is similar to macro rock-SUN v.10 which is 
classified as a macro per AP-SI.1Q having STN 10327-1.0-00. Macro rock-SDT includes 
lithophysal porosity which rock-SUN does not and rock-SDT is a single continuum model 
whereas rock-SUN is DKM. The purpose is to extract material property data from the 
Id-driftscale*.pm files (CRWMS M&O 2000b [DIRS 1498621) and rewrite it formatted as input 
for NUFT. Macro rock-SDT was run on a Sun Ultra 2 workstation with a SunOS 5.6 operating 
system and was developed using Matlab. 

4.2.1 3 SMT-surf-bc3 v.1 .O 

SW-surf-bc3 is classified as a routine per Ap-SI.1Q [DIRS 1463761 and is currently under 
qualification review. The purpose of SMT-surf-bc3 is to interpolate the temperature at the 
ground surface for a given location using the inverse distance squared method. It was 
demonstrated to perform in the expected manner. SMT-surf-bc3 was run on a Sun Ultra 2 
workstation with a SunOS 5.5.1 operating system. SMT-surf-bc3 was developed using a Fortran 
compiler. 

4.2.1 4 SMT-bot-bc3 v. 1 .O 

SMT-bot-bc3 is classified as a routine per AP-SI.1Q [DIRS 1463761 and is currently under 
qualification review. The purpose of SMT-bot-bc3 is to interpolate the temperature at the 
bottom of the model for a given (x,y) location using the inverse distance squared method. It was 
demonstrated to perform in the expected manner. SMT-bot-bc3 was run on a Sun Ultra 2 
workstation with a SunOS 5.6 operating system. SMT-bot-bc3 was developed using a Fortran 
compiler. 

4.2.1 5 bound vl .O 

Macro bound v1.0 is classified as a macro per Ap-SI.1Q [DIRS 1463761 having STN 10611-1.0- 
00. Bound computes temperatures at lo00 m below the water table. Macro bound takes as input a 
thermal conductivity file, tcund-wet.dut, the *.units file generated by readsunits fiom YMESH 
column output (containing material thickness), the temperature-S surface temperature from 
LDTH boundary conditions, and the temperature-W water table temperature also from LDTH 
boundary conditions. It writes the file T-buttom.dut. Macro bound was demonstrated to behave 
according to expectations. Macro bound was run on a Sun Ultra 2 workstation with a SunOS 5.6 
operating system and was developed using Matlab. 

4.2.1 6 heatgenAge vl.2 

Routine heatgenAge v1.2 is classified as a routine per AP-SI.1Q [DIRS 1463761 having STN 
10612-1.2-00. Routine heatgenAge reads a heat-generation-rate file and performs two 
transformations on it: (1) aging the fuel by a number of years, skipping ahead a number of years 
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in the data set and subtracting that number of years from the times of the remaining entries, and 
(2) ventilating the system for a number of years, removing a specified fraction of the heat during 
the aging period. Routine heatgenAge performed as expected. Routine heatgenAge was run on a 
Sun Ultra 2 workstation with a SunOS 5.6 operating system and was developed using a C++ 
compiler. 

4.2.17 rme6 vl .l 

Routine rme6 vl.1 is classified as a routine per AP-SI.1Q [DIRS 1463761 having STN 10617- 
1 .O-00. It converts world view data files to a format readable by YMESH. The input files to me6 
are tspu99qrimry_mesh and UZ99-3.grd (CRWMS M&O 2000b [DIRS 1498621). The output 
file is LBL99-YMESH (CRWMS M&O 2000b [DIRS 1498621). Routine rme6 is qualified and is 
appropriate for its purpose. Routine me6  was run on a Sun Ultra 2 workstation with a SunOS 
5.6 operating system and was developed using a C++ compiler. 

4.2.1 8 StudyDomain vl .O 
Routine StudyDomain v1.0 is classified as a routine per AP-SI.1Q [DIRS 1463761 and is 
currently under qualification review. StudyDomain is used to create the study domain of the 
repository with the 33 chimney locations. Study domain takes information from BSC 2001h 
[DIRS 1544771 for HTOM and BSC 2OOlg [DIRS 1545541 and outputs to footprint.dat. 
Routine StudyDomain is appropriate for its purpose and was run on a Sun Ultra 10 workstation 
with a SunOS 5.6 operating system and was developed using Matlab. 

4.2.1 9 Input Assembly scripts (LDTH*, SDT* routines) 

The following twelve input assembly scripts, all v1.0, are classified as routines per AP-SI.1Q 
[DIRS 1463761: LDTH-01-li-i (STN: 10619-1.0-00), LDTH-01-mi-i (STN: 10620-1 .O-00), 
LDTH-01-ui-i (STN: 10621-1 .O-00), LDTH-01-li (STN: 10622-1 .O-00), LDTH-01-mi (STN: 
10623- 1 .O-00), LDTH-01 -ui (STN: 10624-1 .O-00), LDTH-034 (STN: 10622-1 .O-00), LDTH- 
03-mi (STN: 10623-1 .O-00), LDTH-03-ui (STN: 10624-1 .GOO), LDTH-01-li-v (STN: 10625- 
1 .O-00), LDTH-01-mi-v (STN: 10626-1.0-00), LDTH-01-ui-v (STN: 10627-1.0-00), LDTH-03- 
li-v (STN: 10625-1.0-00), LDTH-03-mi-v (STN: 10626-1.0-00), LDTH-03-ui-v (STN: 10627- 
1.0-00), SDT-Oli (STN: 10628-1.0-00), SDT-01 (STN: 10629-1.0-00), and SDT-Olv (STN: 
10630-1.0-00). These scripts build NUFT input files from component subfiles of various types. 
The scripts were shown to perform in the expected manner. The scripts were run on a Sun Ultra 
2 workstation with a SunOS 5.6 operating system. Input assembly scripts were developed using 
the c-shell V5.1.1. 

5 CALCULATION 

5.1 OVERVIEW OF DATA FLOW 
The overall data flow in the MSTH model is shown in the flow chart of Figure 2. The flow charts 
are compartmentalized by NUFT submodel preparation (Section 5.3), submodel execution 
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(Section 5.4), and the execution of MSTHAC for each location in the repository (Section 5.5). 
The last component (shown in yellow) is data binning and graphical-output preparation. 

Table 2 lists the specific calculation inputs and sources and their locations on the flowcharts of 
Section 2. Table 2 through Table 10 allow for more efficient use of the Sub-flowcharts of Figure 
5 through Figure 20. There are three kinds of alpha-numeric codes used in the data flowchart 
figures. 

1. 

2. 

3. 

4. 

5. 

Those starting with an N represent an operation explained in a footnote that results in the 
creation of one or more files. These operations have output files, but no input files. Table 
4 explains the operations involved. 

Alpha-numeric codes starting with an E represent editing type operations. These 
operations have input and output files. Table 5 explains the operations involved. 

All other codes represent groups of files that flow from one page to the next. Table 6 
lists these files as well as the figures of origin and destination. 

Table 7 through Table 10 give input/output information for the four NUFT submodels. 

In all flowcharts and references to files, certain naming conventions are chosen for 
simplification: ‘OX’ refers to files labeled ’01’ for LTOM and ’03’ for HTOM; 
‘<column>’ refers to a column location (.e.g, ‘15~3’); ‘<model>’ refers to a NUFT 
submodel (e.g., ‘LDTH’); ‘<infib’ refers to the infiltration case (e.g., ‘u’ for upper rate); 
and ‘<ami>' indicates files labeled with the appropriate AML. For example, the file 
‘modproplOo-OX-camb’ refers to the usage of HTOM files modprop100-01-14, 
modpropl Oo_0127, modpropl#-Ol-55, and modproplOO~Ol~66 and to the LTOM 
files modproploo-01-1 I, modprop100-01-23, modprop100-01-44, and 
modpropl OO-01-55. A second example is that ‘<column>.nft.msh.dkm.f refers to files 
at all 33 columns, e.g., l5~3.nfl.msh.dh.fand 14~2.r5fr.msh.dkm.J 

5.2 DATA AND PARAMETERS 
Inputs are outlined in the following sections. 

5.2.1 Geometric Description of the EBS and Material Properties 
The geometric description of the EBS consists of both longitudinal dimensions (along the 
longitudinal axis of the emplacement drifts) and the vertical and lateral dimensions in a vertical 
cross-sectional plane that is orthogonal to the longitudinal axis of the drifts. 

5.2.2 Drift Spacing 
Emplacement drifts have an 81-m centerline to centerline spacing which is presented in the 
Subsurj‘uce Fucility System Description Document (CRWMS M&O 2000g [DIRS 15 14671, 
Section 1.2.1.5). This information is used in the DDT submodels (Section 2.2.4). 
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5.2.3 Waste-Package Spacing 
There is a 10.6-cm gap between Waste packages for HTOM (Figure 26). Gap sizes are 10.6 cm 
for LTOM except around BWR packages (see Figure 27). This information is taken from Design 
Input for the Engineered Barrier System Environment and Bam'ers (BSC 2001c [ 1544611). This 
information is used in the DDT submodels (Section 2.2.4). This input is appropriately used. 

5.2.4 Drift Diameter 
The diameter of the emplacement drifts is 5.5m and is presented in the Subsuflace Facility 
System Description Document (CRWMS M&O 2000g [DIRS 15 14671, Section 1.2.1.3). 

5.2.5 Properties of Air at Model Boundaries 
The thermal conductivity of air at 16°C (ground surface) is 0.0254 W/m-K (Bolz and Tuve 1973 
[DIRS 1485201, p. 11, interpolated). The solid density of air at 243°C (intake to emplacement 
drifts) is 1.185 kg/m3 (Bolz and Tuve 1973, p. 11, interpolated). The specific heat of air at 25°C 
(intake to emplacement drifts) is 1006 jouledkg-K (Bolz and Tuve 1973, p. 11). This 
information is used in the SMT, DDT, and SDT submodels through incorporation in the file 
SDT-ZDds. (Accepted datdestablished fact, handbook value.) This input is appropriately used. 

5.2.6 Properties of EBS Materials 
Table 16 provides invert properties. 

Crushed tuff invert hydrologic material properties for the EBS originate in source 
DTN:M00009SEPTIHMP.O00. 

The WP thermal properties are taken from the calculation Tabulated In-drift Geometric and 
T h e m 1  Properties Used in Drifi-Scale Models for TSPA-SR (CRWMS M&O 1999e [DIRS 
1246301, p. 11). The emissivity of the waste package is 0.8 (Avallone and Baumeister, 1987 
[DIRS 1035081, p. 4-68) and is established fact. The value for carbon steel is used as an 
approximation. This input is appropriately used. 

The drip-shield properties comprised of titanium are discussed in ANSYS Calculations in Support 
of Enhanced Design Altemtives (CRWMS M&O 1999a [DIRS 1028431, p. 21). The drip shield 
thermal conductivity is 20.55 W/(m K) (ASME 1995 [DIRS 1084171, p. 611). The density is 
4512 kg/m3 (ASME 1995 [DIRS 1084171, p. 620). The drip shield thermal diffusivity is 8.310 * 
lo4 m2/sec (ASME 1995 [DIRS 1084171, p. 620). The specific heat capacity of the drip shield 
corresponding to these properties is 550 J/Kg-K. 

5.2.7 Hydrologic and Thermal Properties of Stratigraphic Units 
Each stratigraphic unit has two sets of properties, one for its matrix and the other for its fractures. 
The matrix properties are permeability, porosity, Van Genuchten a parameter, Van Genuchten p 
parameter, residual saturation, and satiated saturation. The fracture parameters include the six 
categories used for the matrix of the rock (although the values for the fractures are different) and 
three additional parameters: active fracture parameter, fracture frequency, and fracture to matrix 
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area, The thermal properties include grain density, grain specific heat, wet thermal conductivity, 
dry thermal conductivity, and tortuosity. There are three infiltration cases (each corresponding to 
an expected climate) over which the repository is being modeled. There is a set of hydrologic 
properties for each of these infiltration cases. 

The matrix properties, fracture properties, and thermal properties corresponding to the base case 
infiltration flux are given in the file Id-driftscaZe_basecase.xZs (LB990861233129.001). 
Properties corresponding to the upper infiltration flux are given in the file Id- 
driftscale-uppennJxZs (LB990861233 129.002). Properties corresponding to the lower bound 
infiltration flux are given in the file ld-dn~scaZe_lo~'~Jxls (LB990861233 129.003). The 
fiacture properties were updated in several of the units as given in the file 
LBOOIlDSTRQCI.OOl.doc. 

The base case matrix properties are reproduced in Table 17. The base case fracture properties are 
reproduced in Table 18. Thermal properties are reproduced in Table 19. The tortuosity factor is 
0.7. This input is appropriately used. 

5.2.8 Thermal Properties of Air Inside the Drifts 
The thermal conductivity of in-drift air in the DDT submodels is from Fundamentals of heat and 
mass transfer (Incropera and DeWitt 1996 [DIRS 1081841, pg. 839: lines 4-12 of the table). The 
input data is given as a function of temperature in Fahrenheit that is converted to Celsius and 
used in the file DDT-EBS-Rev100. This input is appropriately used. 

5.2.9 Thermal Properties of Stratigraphic Units for SMT Submodels 
The uncalibrated thermal properties of the stratigraphic units are given in Table 19. The source 
of this data is thermaZ-UZxZs (LB991091233129.ooS). The and mass density data was 
updated in the Tptpul and Tptpll units (the tsw33 and tsw35 model units) on the basis of data 
(BSC 2001 [DIRS 1551951). This data is edited to create the file SMT-IDds-mi-flt as described 
in the editing function E:T1 in Table 5 (see Sub-flowchart 16, Figure 20). This input is 
appropriately used. 

5.2.1 0 Effective Thermal Conductivity of Cavities Inside Drifts 
Thermal radiative heat transfer inside cavities within the emplacement drifts can be represented 
with the use of an effective thermal conductivity, which is given as a function of time. Effective 
thermal conductivity versus time relationships have been developed and are discussed in 
Assumption Section 3.2.6. This input is appropriately used. 

5.2.1 1 Stratigraphy 
The primary input for stratigraphy to map rock materials onto the computational mesh is from 
two files (CRWMS M&O 1999c [DIRS 1101771, Item 1). The first is tspa99-primary-mesh 
[renamed, original filename is UZ99-3-3D.mesh (LB99EBS1233 129.001)], which is the 
numerical mesh for the site-scale UZ flow model. The second is UZ99-3.grd 
(LB99EBS 1233 129.001), which is the vertices file for that mesh. These two files, which define 

UCRL-I D-146835 41 February 4,2002 



the numerical mesh for the 3-D site-scale UZ-flow model, are used to generate the numerical 
meshes for each submodel (Sections 2.2.1.2, 2.2.2.2, 2.2.3.1 and 2.2.4.2). This input is 
appropriately used. 

5.2.1 2 Infiltration Flux 

Infiltration flux is given for three climate periods: [present climate (0 < t < 600 yr), monsoonal 
climate (600 < t < 2000 yr), and glacial climate (2000 < t < 1000oOO yr)] in the nine files 
Monsoon*.dut, Glacial*.dat, and Modem*.dat (*represents 1, m and u) (source of these nine 
files: GS000308311221.005). This input is appropriately used. 

5.2.1 3 Heat-Generation Rate 

Heat-generation decay curves for each of the MSTH model submodel types are based on 
information in the file DDT-heats-2.xZs (BSC, 2001c, DIRS 154461) which contains the 
following . 

0 decay curves for CSNF, 

decay curves for HLW, 

Wsequence. 

This information is used by all submodels (Section 2.2) through inclusion in the aforementioned 
files. This input is appropriately used. 

5.2.1 4 Boundary Conditions 
Temperature and pressure for the 3-D site-scale UZflow model are from CRWMS M&O 1999c 
[DIRS 1101771 (Item 3 and 4, TBV-3942) and can be found in the file bcs99.dat 
(LB99EBS 1233 129.003). This information is used to generate boundary conditions for all 
submodels (Section 2.2). This input is appropriately used. 

5.2.1 5 Enthalpy 
Liquid enthalpy at 16 and 17OC is 67.19 J/gram and 71.38 J/gram, respectively (Keenan et al. 
1969 [DIRS 1346661, p. 2). Accepted Data is established fact, i.e., is handbook value. This input 
is appropriately used. 

5.3 SUBMODEL PREPARATION 
Generation of the full MSTH model calculation is dependent upon the four major submodel 
types (LDTH, SDT, DDT, and SMT) as described in Section 2.2. The quality of the final output 
is dependent on both the quality of the input data and the self-consistency of the multitude of 
NUFT simulation runs needed for a single MSTH model abstraction. These demands are met 
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through the combination of automated tools for generating NUFT input files, along with a 
modular input file format making extensive use of the include function of NUFT. 

The map of input data described in the previous section through the various stages of model 
generation is shown in the Sub-flowcharts depicted in Figure 5 through Figure 20. The data 
manipulation required to prepare the raw input data for use by the NUFT-based submodels 
includes reformatting, change of units, averaging, and interpolation (various schemes). These 
operations are applied to the data in a well-defined sequence of steps to assure data consistency 
between all simulation runs. 

5.3.1 Mesh Generation 
There are two major categories of numerical meshes, corresponding to the mountain- and 
drift-scale submodels. For the mountain-scale (SMT) submodels, the numerical mesh is 
generated entirely by YMESH, prior to NUFT run time; using YMESH, the user builds the 
mountain-scale mesh such that the approximated shape of the heated repository footprint can be 
accurately represented, with sufficiently fine grid-block definition close to the edges of the 
repository. For the drift-scale (SDT, LDTH, and DDT) submodels, YMESH is used to generate 
the information that assigns the vertical distribution of the stratigraphic units as well as the grid- 
block resolution in the vertical direction. A combination of software scripts and hand editing is 
required to generate the grid-block spacing and material-type specification for the grid blocks 
that represents the geometry of the EBS inside the emplacement drifts. For the drift-scale 
submodels, the genmsh feature of NUFI' is utilized, whereby the numerical mesh is built at run 
time. 

Mesh generation covers two main categories: the creation of a numerical grid for the 
computational algorithm, and the assignment of the proper material type, fi-om natural 
stratigraphy or engineering design, to each grid block. The majority of the actual mapping 
operations are performed by YMESH, but additional steps are necessary both prior and 
subsequent to the use of YMESH. For all practical purposes, these pre- and post-fix operations 
serve as interface modules to the data pipeline. 

The processing steps for generating all the numerical meshes required for the MSTH model are 
depicted in Figure 5 through Figure 8 and described in the following sections. 

5.3.7.7 YMESH Input 
YMESH can be executed either in a 3-D sense or in a 1-D sense. For the mountain-scale (SMT) 
submodel, YMESH produces the 3-D numerical mesh file that is utilized directly by NUFT'. For 
the 1-D and 2-D drift-scale submodels, YMESH produces information describing the 1-D 
vertical distribution of the grid blocks and material types of each of those grid-block layers; this 
information is placed in the genmsh block of the NUFT input file. For the 2-D and 3-D 
drift-scale submodels, the grid-block definition in the second and third dimension is assigned by 
scripts that the modeler develops the template for. 

YMESH requires two inputs in order to generate a NUFT-compatible mesh: 
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User input. This file includes specification of (1) the model domain (i.e., model 
boundaries), (2) the orientation and depth of the repository horizon, (3) the vertical 
dimensions (and/or the maximum allowable vertical dimensions) of the grid blocks as a 
function of distance from the repository horizon. For generating an SMT submodel, the 
areal location of the repository footprint is accomplished by specifying a prefix to the 
name of the grid blocks in the repository footprint; different prefixes can be used to 
specify subareas of the repository. 

World grid. This is the stratigraphy primary input for YMESH to map rock materials 
onto the computational mesh (called the “user’s mesh”). The world grid is a combination 
of items tspaqrimury-mesh, which is the numerical mesh for the site-scale UZ flow 
model, and UZ99-3.grd, which is the vertices file for that mesh. The files UZ993.grd 
and tspuqrimary-mesh are processed by rme6 (Section 4.2.17) to create the file LBL99- 
YMESH, which is subsequently used in all YMESH operations for both the mountain- 
and drift-scale submodels. 

The data in BSC (2001g) [DIRS 1545541 for LTOM and BSC (2001h) [DIRS 1544771 for 
HTOM are used to guide the modeler in approximating the repository footprint (Figure 21) for 
use in the mountain-scale (SMT) submodel (tspu01.gridO1-03 and tspaOl.gridO3-03). Having 
chosen a reasonable representation of the repository footprint, the next step is choosing the 33 
locations for use in the drift scale submodels (coZumn.datu). In this model-building process, the 
modeler’s judgment in producing the input files to YMESH is as important as the quality of the 
input data in its affect on the quality of the final model result. 

Several different output types are available from YMESH. For the purposes of the work at hand, 
the main YMESH output type is NUFT input, and the secondary output type is rock column 
description, which is placed into MJFT input files as comment lines. This secondary output is 
also used in generating Table 20. 

5.3.1.2 Drift-Scale-Submodel Meshes 
The generation of the drift-scale meshes begins with the creation of the column-template files 
along with the columndata file (Figure 5 through Figure 8). The column.data information 
records the locations of the individual 33 locations for the LDTH and SDT submodels (see 
Figure 22). There are two column-template files, one for LDTH submodels, and one for SDT 
submodels. In each of these cases they serve the same purpose-to describe the vertical mesh 
resolution for the submodel type. 

The routine makecolumns (Attachment I) reads in the co2umn.datu file along with a 
column-template file to produce one individual YMESH input files for each of the 33 drift-scale 
submodel locations (<column>.dat). Each of these files is run through YMESH to generate a 
NUFT genmsh file (<column>.nft) and a rock column file (<column>.coZ) for its respective 
submodel type and location. These drift scale mesh files then contain information of both mesh 
geometry, as well as one-dimensional mapping of the materials in the natural system. (The 
approach of mapping material in one single dimension for the drift scale model is deemed 
appropriate due to the comparatively small horizontal extent of these submodels.) 
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In both SDT and LDTH submodels, the rock column files are used for informational purposes. 
The interesting information in extracted by readunits (Section 4.2.5) and output as NUFT 
comment lines (<column>.coZ.units). These files will be included in the same NUFT input files 
which contain the contents of the corresponding <column>.nff information. As a final step in the 
production of SDT meshes, the routine addlayers (Section 4.2.6) is run on each of the 
<coZumn>.nft files to add atmosphere and water table material layers at the top and bottom of the 
mesh, respectively . 

The LDTH <coZumn>.nft files require a more complex set of modifications, because of two 
additional requirements on these submodels-that they include both the engineered system and 
hydrologic behavior. The hydrologic modeling of the LDTH submodels utilizes the dual- 
permeability (DKM) capability of NUFT. The DKM requires mapping of materials for both 
fracture and matrix continua. To include the engineered system, some of the material mappings 
of the natural system stratigraphy must be overwritten with mapping to the engineered system 
materials. Both these tasks are achieved with define-EBS-fineaid (Section 4.2.4). The files 
<column>.nft.mh.dkmOf and <coZumn>.nft.msh.dkmO.m contain DKM format, but no 
engineered system, and are for use in the initialization runs of the LDTH submodel. The files 
<coZwnn>.njt.msh.dkmO.f and <column>.nft.mh.dkmO.m are for use in the remaining LDTH 
modeling stages. 

The mesh for the DDT submodel is derived from an early stage in the development of the LDTH 
meshes. The YMESH input file at a single submodel location (15~3) is the starting point for 
development of the DDT meshes. To develop the pre-closure period file 15c3.03v.nft for the 
DDT model, the grid divisions in the z dimension are redefined to accommodate the eventual 
addition of radiation connections. For the post-closure DDT file (Z5c3.nft) the mesh is further 
refined in order to describe the drip shield. The resulting NUFT input files are then run through 
addhyers (Section 4.2.6), which, similar to addlay, adds atmosphere and water table material 
layers. 

5.3.1.3 Mountain-Scale Submodel Mesh 
The mountain-scale mesh is the entire set of mesh information delivered, with the extrapolation 
of edges constrained to the needs of the abstraction modeling technique. The various 
modifications of the tspu0Z.meshOX-03 files were for the purpose of marking regions of interest 
in grid block names. These tags had no impact on the data values transferred to the next stage in 
the pipeline. 

The mountain-scale numerical mesh is based on the file tspuOl.gridO3, which derives itself from 
the motivating concerns outlined in Sections 2.2.1.1 and 2.2.1.2 (the mesh processing steps for 
the SMT mesh are shown in Figure 8.). This file is processed by YMESH to create both 
tspuOI-meshOZ-03 and tspuOZ-mesh03-03. The differences in these two outputs are only in the 
names given to some of the grid blocks. In the latter file, the blocks at the repository horizon 
were given special names to aid in the later steps of the abstraction algorithm. 
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5.3.2 Material Properties 
The primary function of the processing performed on the material property data inputs is to 
reformat them in a form compatible for NUFT (see Figure 15 and Figure 16). This task involved 
both modifying the syntax and format of the file, and providing proper units, as well as proper 
assignments within the separate matrix and fracture continua simulated by NUFT in DKM 
simulations (using the LDTH submodels). The material properties of the stratigraphic units and 
those of the EBS are kept in separate input files to maintain modularity. 

The input files for the material properties of the stratigraphic units were processed by the routine 
rock-LDTH.m (Section 4.2.1 l), to prepare them for the LDTH submodels. Each set of rock 
properties (from LB990861233129.001, LB990861233 129.002, and LB990861233129.003), 
corresponding to three infiltration-flux cases (mean, high, and low flux) is processed in this 
manner. The rock property set used in the thermal conduction submodels is constructed from the 
mean infiltration file produced for the LDTH submodels by keeping only the wet thermal 
conduction data (BSC 2001 [DIRS 1551951). 

The materials incorporated in the EBS are required only in the LDTH and DDT submodels. The 
files dkm-ufc-EBS-RevlOO-01 and dkm-ufc-EBS-Rev1 OO-03 contain the EBS material properties 
for the HTOM and LTOM LDTH submodels, respectively. The EBS material properties in the 
DDT submodels are found in the file DDT-EBS-RevZOU. The effective thermal conductivity of 
air, which is used to represent thermal radiation (Section 3.3.2), is found in the files 
modpropl OO-OX-<aml> and mdprop-dr-OXv. 

5.3.3 Heat-Generation Rate 
Heat-generation-rate versus time information was extracted into individual heat-generation files 
in NUFT syntax, as shown in Figure 9 through Figure 11. Incorporating the effects of ventilation 
and aging of Waste packages into the heat-generation-rate versus time tables is accomplished via 
the routine HeatgenAge (Section 4.2.16). 

5.3.4 Infiltration Flux 
To prepare the infiltration flux source data for use in the NUFT input file requires several steps. 
First, the routine CONVERTCOORDS is executed on all source data to transform the coordinate 
representations from UTM NAD 27 coordinates to Nevada State Plane coordinates. Next, the 
local infiltration flux is interpolated at each of the drift-scale-submodel locations using a 
Gaussian weighting function implemented in the routine coludnfiltration (Section 4.2.8). This 
interpolation is done for each of the three climate states (present-day, monsoonal, and glacial), 
and for each of the three infiltration-flux cases (mean, high, and low); for each drift-scale 
submodel location (Figure 22), this results in nine values of infiltration flux. The resulting file, 
inftrationtex, then contains each of the nine infiltration-flux values for each of the drift-scale 
submodel locations. These values are then extracted from this file by the routine Infiltab (Section 
4.2.10) and written into individual files. The contents of these files are included in the LDTH 
input file creation scripts (Section 4.2.10). These steps are depicted in Figure 12 and Figure 14. 

At the time of LDTH input file creation (i.e. execution of the LDTH input file creation scripts), 
the three different tables of infiltration flux are used to create a time dependent infiltration flux 
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definition. This results in an infiltration flux versus time table with a constant present-day-flux 
value from 0 to 600 yr, an abrupt transition at 600 yr to a constant monsoonal-flux value that 
lasts from 600 to 2000 yr, and an abrupt transition at 2000 yr to a constant glacial-flux value that 
lasts from 2000 to 1,OOO,OOO yr. 

5.3.5 Boundary Conditions 
With respect to the process of building boundary conditions, the four submodel types share 
certain aspects, as well as having certain distinctions (Figure 13). All submodels have lateral 
boundaries that are no-heat-flow (or adiabatic) boundaries; the TH (LDTH) submodel also has 
no-mass-flow lateral boundaries. Thus, the only boundary conditions that are specified in the 
four submodel types are at the upper and lower boundaries. 

The conduction-only submodels, which include the SMT submodel (Section 2.2. l), SDT 
submodel (Section 2.2.3), and the DDT submodel (Section 2.2.4), only require that temperatures 
be specified at the boundaries. The TH (LDTH) submodel (Section 2.2.2) requires temperature, 
pressure, and gas-phase air-mass fraction be specified at the boundaries. All four submodel types 
have the ground surface as the upper boundary; thus, at a given coordinate location, all four 
submodels share the same upper-boundary temperature. The three drift-scale submodels (SDT, 
LDTH, and DDT) have the water table as the lower boundary; thus the three drift-scale 
submodels share the same lower-boundary temperature. The SMT submodel has a lower 
boundary that is 10oO m below the water table. 

The drift-scale submodels boundary conditions for temperature and pressure are interpolated 
using inverse distance cubed weighting (Section 3.1.4), implemented in the routine chim-surf- 
- wt-TP2 (see Sub-flowchart 9, Figure 13). The input files are tspuqrimury-mesh and 
bcs-99.dut, and the output files are wt-PT.out, sur$ace-TP-RH.out and sur$-TP. out (CRWMS 
M&O 2000b). The additional parameters needed for the LDTH model (air-mass fraction and 
liquid enthalpy) are computed with chim-surf-wtTP2 (Section 4.2.9). 

For the SMT submodel, the routine bound (Section 4.2.15, Sub-flowchart 9, Figure 13) computes 
the expected temperatures at 1000 m below the water table. This procedure is based upon 
assuring the same heat flux (driven by the geothermal gradient) above and below the water table. 
The vertical temperature profiles for ambient conditions, as predicted by the SDT submodels at 
each of the 33 drift-scale model locations, are used to extrapolate the temperature to a depth of 
lo00 m below the water table. These calculated temperatures are interpolated on the SMT grid 
using inverse distance squared weighting implemented in routines SMT-surf-bc3 and 
SMT-bot-bc3 (Sections 4.2.13 and 4.2.14) resulting in the lower boundary conditions for the 
SMT submodel. 

5.4 SUBMODEL EXECUTION 
Several types of NUFT simulation runs are required to produce a single abstracted output 
dataset. The NUFT submodel-execution procedure is depicted in Figure 17 through Figure 20. 
Each submodel type fills a particular set of requirements, as described in Section 2.2.1. These 
varying needs determine the volume of NUFT submodels to be run for each type of simulation. 
The most demanding submodels in terms of number of simulation runs required are the LDTH 
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and SDT submodels. For this reason, these two submodel types have received the greatest 
attention in automation tools. In general, these submodel types are first created at a single drift- 
scale-submodel location, the submodel is run and refined until the analyst has deemed it ready 
for production, then the automation components are refined as necessary and the submodel set is 
generated. 

5.4.1 LDTH Execution 
Sub-flowchart 13 (Figure 17) illustrates the execution of the LDTH submodel. The LDTH 
submodels are run at each of the 33 drift-scale-submodel locations for four AMLs 
(Section 2.2.2). In order to be assured of consistency between the data used in these simulations, 
a set of scripts were developed to generate the required NUFT input files. When one of these 
scripts is run, it generates a family of 132 NUFT input files, one for each of the four AMLs at 
each one of 33 locations. A total of nine such scripts were necessary for the LDTH submodels- 
each of the three infiltration-flux cases requires one script for each of the three stages of LDTH- 
submodel execution: (1) initialization run (to obtain initial ambient conditions), (2) the pre- 
closure simulation, and (3) the post-closure simulation. 

The data developed for boundary conditions and infiltration are embedded directly in the 
generating scripts as parameter arrays. These arrays contain one value for each drift-scale 
submodel location, which are transcribed into these scripts from their respective source files 
(Figure 17). The concept of operation of these scripts is that for each output file (ix. generated 
NUFT input file), various placeholders in a template file are replaced with data relevant to the 
given scenario. A single value from the data arrays described above, along with filenames 
containing the other important parameters for the submodel, constitute the information provided 
to the template by the script. 

The LDTH-submodel template files serve the purpose of providing a skeleton NUFT input file 
for each of the three stages (initialization, pre- and post-closure) of LDTH-submodel execution 
and for each of the four AMLs, resulting in a total of 12 LDTH template files. These files contain 
the description of the components of the numerical mesh in the x and y dimensions. Since the 
LDTH model is 2-D, the y-dimensions is only a single layer. On the other hand, the x-dimension 
is the item in the submodel that determines the drift spacing and thereby determines the effective 
AML being represented in the submodel. 

The NUFT input files generated in this procedure reference mesh files, heat-generation-rate files, 
material property files, run control parameter files, and output time files via the NUFT include 
directive. The run control parameters are chosen to meet efficiency needs in the execution of the 
NUFT simulations, and the output times are chosen to give the required temporal resolution. 

Execution of a single LDTH submodel takes place in three stages, each of them feeding into the 
next one. These stages are initialization, pre-closure, and post-closure. The initialization stage is 
a numerical simulation of the unperturbed natural system, which is run out until the numerical 
simulation of the natural system achieves equilibrium. This provides the starting point for the 
pre-closure simulation, which simulates a ventilated system. 
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The NUFT output data files from the pre- and post-closure LDTH simulations are later used as 
input to MSTHAC (Section 2.3). 

5.4.2 SDT Execution 
Sub-flowchart 14 (Figure 18) illustrates the execution of the LDTH submodel. The MSTHAC 
methodology (Section 2.3) requires that he SDT-submodel simulations are conducted at all 
locations and AMLs as the LDTH submodels. The production of the NUlT input files for the 
SDT submodels is automated in a similar method as for the LDTH submodels, but the task is 
simpler, largely due to the lack of hydrologic data in the SDT submodels. Three SDT generating 
scripts are required, one for each stage (initialization, pre-closure, and post-closure) of the 
submodel execution; and only two template files are required, one for the initialization runs, and 
one covering both the pre- and post-closure simulations. The script files contain the data 
concerning boundary conditions, as well as the mesh data for the x dimension (which determines 
the AML). 

The initialization run is used to provide the starting vertical temperature profile, not only for the 
pre-closure and post-closure simulation periods in the SDT submodel, but also for the DDT 
submodels. The pre- and post-closure simulations are almost identical, except that the 
heat-generation curves for the pre-closure period is reduced to simulate ventilation. 

5.4.3 DDT Execution 
Sub-flowchart 15 (Figure 19) illustrates the execution of the LDTH submodel. The DDT 
submodel need only be run at a single drift-scale submodel location, as discussed in 
Section 2.2.4. The 15c3 location (Figure 22) was chosen because it is at the geographic center of 
the repository area and because the host-rock unit at this location is the tsw35, which is the 
predominant host-rock unit in the repository; 28 of the 33 drift-scale-submodel locations have 
tsw35 as the host-rock unit (Table 12). As discussed in Section2.2.5, it would have been 
acceptable to have chosen any of the other 33 drift-scale-submodel locations. The MSTH model 
methodology also only requires DDT-submodel results for a single (Le. the nominal) AML of the 
repository. To meet the needs for DDT-submodel results, only two sets of NUFT outputs are 
necessary: one for the pre-closure period, and one for the post-closure period. This greatly 
simplifies the task of preparing the input files, so that it is feasible to create them without 
automation tools (Figure 19). 

The DDT submodel represents a much greater level of detail within the drift than the other 
submodels. This is the only component of the MSTH model strategy that simulates heat transfer 
by thermal radiation explicitly. The thermal radiative components are prepared for NUFT with 
the use of RADPRO, which requires both a numerical mesh and additional setup information 
(provided in the file DDT<ml>-OXv.radin). The mesh is read directly from the respective 
NUFI' input file. The additional file contains information of which combination of surfaces may 
radiate (to each other), and the emissivity values of the respective surfaces. 
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5.4.4 SMT Execution 
Sub-flowchart 16 (Figure 20) illustrates the execution of the LDTH submodel. The overall 
mountain scale effects of heat flow are simulated with the SMT submodel. This submodel is 
prepared without the assistance of automation tools, since only two simulations are required (one 
pre- and one post-closure simulation), which in turn requires only three NUFT input files: 
initialization, pre-closure, and post-closure (Figure 20). The initialization file is used for the 
generation of initial conditions for use in each of the other simulations, and the pre- and post- 
closure simulations are run independently of each other, with the only difference being the heat- 
generation curves, as in the case of the SDT submodels. 

The SMT submodel uses the same material properties as the other thermal conduction 
submodels, except that some additional materials appear in this submodel (in files SMT-IDds-flt 
and SMT-IDA-sz), which are not required for the SDT or DDT submodels. The file 
SMT-IDds-flt contains the thermal properties for the fault zones. The fault-zone materials are 
additional material type appearing in the site-scale UZ flow model with property assignments. 
None of the drift-scale-submodel locations intersected any of the fault zone; therefore the 
thermal properties for the fault zones were not required in the SDT and DDT submodels. The file 
SMT-ZDds-sz contains the thermal properties for the saturated zone (SZ). Because the SDT and 
DDT submodels have a lower boundary at the water table, they do not include the SZ in their 
respective model domains; therefore, these submodels do not require the SZ thermal properties. 
The thermal properties of the ppl unit are assumed for the entire SZ in the SMT (Section 3.2.5). 

5.5 MSTHAC Submodel Assembly 
MSTHAC assembles all of the output of the NUFT submodels using the procedure outlined 
below. The files 15~3-DDT<arnl>-OXv.EBS.ext, SMT<aml>-OXv. rep.ext, <column>- 
SDT<aml> -0Xv. ext, <column>-LDTH- I DA-mc< infib -OXv$ EBS. ext and <column> -LDTH- 
I D d s _ m c c i n ~ l > - O X v . n ~ ~ ~ . e x t  are the submodel output connections from pre-closure 
simulations, while 15~3-DDT<aml>-OX.EBS.ext, SMT<arnl>-OX. rep.ext, <column>- 
SDTcamb-OX. ext, <column>-LDTH- I Dds-mc<infil> -OX$ EBS.ext and <column>-LDTH- 
IDds-mc<infil>-OX.m.EBS.ext are submodel output from post-closure simulations. Note, here 
<column> is the column location (e.g., 15c3), X is the case number (I for HTOM, 3 for LTOM), 
<infib is the infiltration case (li, mi, ui), and <aml> is the AML loading in MTU’s (e.g., 60). 
The output from assembly are the following files containing the data listed in Table 14 and have 
the filename pattern of caseX-<infil>-<var>.ext where <var> refers to the variable listed in 
Table 14 (e.g., T-dw, RH-dw? Qevap-ds, etc). 

There are six stages for submodel assembly: 

5.5.1 Stagel: Extract TH data from the all pre-closure submodels. 
On the basis of the requested TH data and the MSTHAC methodology (Section 2.3), specific 
variables are extracted from specific locations in each of the pre-closure submodels. 
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5.5.2 Stage 2: Abstract with MSTHAC TH data from the all pre-dosure submodels. 
Using the TH data that was extracted from the pre-closure submodels (Phase l), the MSTHAC 
methodology (Section 2.3) is applied to abstract the requested TH data for the pre-closure period. 
This results in 600 yr of MSTH model results that corresponds to a scenario with 600 yr of drift 
ventilation, where the nominal heat-generation rate is reduced by 70% for HTOM and 80% for 
LTOM. 

5.5.3 Stage 3: Extract TH data from the all post-closure submodels. 
On the basis of the requested TH data and the MSTHAC methodology (Section 2.3), specific 
variables are extracted from specific locations in each of the post-closure submodels. 

5.5.4 Stage 4: Abstract with MSTHAC TH data from the all post-closure submodels. 
Using the TH data that was extracted from the post-closure submodels (Phase 3), the MSTHAC 
methodology (Section2.3) is applied to abstract the requested TH data for the post-closure 
period. This results in MSTH model results from 50 yr (for HTOM) or 300 yr (for LTOM) to 
l,OOO,OOO yr that corresponds to a scenario with 50 yr (for HTOM) or 300 yr (for LTOM) of drift 
ventilation, where the nominal heat-generation rate is reduced by 70% (for HTOM) 80% (for 
LTOM), followed by a 50 yr (for HTOM) or 300 yr (for LTOM) to 1,OOO,OOO yr period where 
the full nominal heat-generation rate is used. 

5.5.5 Stage 5: Combine the pre-closure and post-closure abstracted TH data. 
The abstracted TH results for the pre-closure period (Phase 3) and the post-closure period (Phase 
4) are spliced together, resulting in the 38 TH variables at each of the 610 (HTOM) or 762 
(LTOM) repository subdomains for each of the 10 WP locations (Figure 26 for HTOM and 
Figure 27 for LTOM) for for 99 timesteps, resulting in 18,358,560 (€€TOM) or 22,933,152 
(LTOM) data points for a given infiltration-flux case. 

5.5.6 Stage 6: Bin the abstracted TH data. 
At each of the 610 (HTOM) or 762 (LTOM) repository subdomains, a binning procedure is used 
(Section 2.4.5) to obtain the average CSNF WP and the average HLW WP. This Phase results in 
the 38 TH variables at each of the 610 (HTOM) or 762 (LTOM) repository subdomains for 2 WP 
groups (CSNF and HLW) for 99 timesteps, resulting in 4,589,640 (HTOM) or 5,733,288 
(LTOM) data points for a given infiltration-flux case. 

6 RESULTS 
The results of this calculation report fall under two categories: a sensitivity study and the 
parameters provided to the TSPA. 
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6.1 Sensitivity Calculations in Support of SSPA, Vol.1 
The sensitivity study covers the eight areas of uncertainty listed in Section 1.1. For each area of 
uncertainty, Table 20 summarizes the areas of uncertainty by tabulating for each area of 
uncertainty the sensitive parameter investigated, the range of parameter uncertainty, the base 
case parameter value, the performance measure, and the effect of parameter uncertainty. The 
details of each of the eight uncertainty studies are discussed below. 

6.1.1 Sensitivity of TH results to neglecting lithophysal porosity (LDTH) 
Neglecting vapor storage within lithophysal porosity is not expected to have a significant effect 
on the MSTH model results because of the magnitude of expansion of water as it goes from 
liquid to vapor phase. One pore-volume of water will result in 1OOOpore-volumes of vapor 
(Ellenwood and Mackey 1962 [DIRS 1548671, Plate4C). The matrix and lithophysal pore 
volumes are similar, so the combined porosity is roughly double the pore-volume of the liquid 
that would be vaporized. Therefore, the error introduced by neglecting the vapor storage 
capacity of lithophysal porosity within the computational elements is the difference of 
accounting for one- instead of two pore-volumes of vapor (out of the 1,OOOpore-volumes of 
vapor generated) that are not displaced to the next computational element. This results in a 
0.1 percent over calculation of the amount of vapor displaced to the next zone in the numerical 
model. 

The uncertainty introduced by neglecting this 0.1 percent of the vapor displaced is less than 
would result from not accounting for the porosity heterogeneity among zones of the numerical 
model. The range of porosity for the repository units is from 10 to 60percent (Mongano 
et al. 1999 [DIRS 1498503, p. 17), a six-fold range of porosity. Thus, porosity averaged over 
zones in the numerical model would have a greater impact on storage than would neglecting 
lithophysal porosity (one-fold versus six-fold effects). 

6.1.2 Impact of mountain-scale buoyant gas-phase convection on temperature (LDTH) 
Sensitivity analyses were performed (Buscheck 2001a [DIRS 1550121) to consider a range of 
bulk permeability (kb) values that incorporated plus or minus one (low-kb and high-b) and two 
(very low-kb and very high-kb) standard deviations around the mean. For these analyses, the 
permeability distribution was isotropic. Since vertical anisotropy restricts buoyancy, the use of 
an isotropic permeability distribution provides an upper bound of the possible effects of 
buoyancy for any given value of permeability. Analyses by Phillips (1991 [DIRS 1406411, 
p. 145) indicate that the critical Raleigh number is smaller when the ratio of permeability in the 
horizontal direction to the vertical direction is low, which may occur in some regions of the 
welded fractured units. The influence of vertical anisotropy is not directly addressed by the 
sensitivity analyses discussed in this section. 

Figure 29a shows liquid flux calculations for the HTOM at 5 m above the drift for a central drift 
location. This location was chosen to be consistent with locations where seepage had been 
evaluated in past analyses (CRWMS M&O 2OOOd [DIRS 1533631, Section 3.2.3.1.5). In the 
low-kb case, these flux values represent the case in which buoyant gas-phase convection has a 
negligible influence on thermal-hydrologic behavior. The high-kb case is more conducive for 
buoyant gas-phase convection to be significant. The mean kb case is one in which the influence 
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of buoyant gas-phase convection is modest, but not negligible. After about 20,000 years, there is 
no significant difference between the flux for the three cases. This indicates that the model 
results are not sensitive to considerations of buoyant gas-phase convection at late times when 
temperatures approach ambient conditions. 

Figure 30 shows the results for the LTOM analyses under the same conditions used in the 
HTOM analyses. The stairstep responses indicate the impacts of different climates from 0 to 
6OOyears and from 600 to 2,000years. Results for the LTOM do not show the significant 
differences between the low, mean, and high-kb cases in contrast to the HTOM analyses from 
1,OOO to 2,000 years. This is mainly because, without boiling, there is much less water 
mobilized by vaporization and condensation. These analyses indicate the same long-term flux 
responses as the HTOM calculations: about 22 mdyr,  with a difference of less than 1 mm/yr 
among the low, mean, and high-kb cases. 

Heat mobilized liquid flux 5 m above the drift is more sensitive to buoyant gas-phase convection 
than it is at 1 m above the drift Analyses discussed in 
Section 5.3.1.4.2 of the SSPA, Vol. 1 (BSC 2001d [DIRS 1559501) indicate that seepage does 
not occur into drifts during the active boiling period. This is consistent with Figure 29b which 
shows that there is no liquid flux 1 m above the drift in the HTOM case until after 700 years for 
the very-high and mean& cases. At that point, the sensitivity to buoyant gas-phase convection 
is again apparent. Around 1,0oO years, there is greater flux in the very high-kb case (52 mm/yr) 
than in the mean-kb case (32 mm/yr), indicating some sensitivity of liquid flux to buoyant 
gas-phase convection. However, this amount of flux is about the same magnitude as the ambient 
flux range and less than the long-term flux from the wetter climates (up to 100 mm/yr). There is 
no significant difference in liquid-phase flux at 5-m and I-m above the drift in the LTOM 
(Figure 30a and b), reflecting the minimal thermal mobilization of water. 

(compare Figure 29a and b). 

6.1.3 Sensitivity to host rock bulk permeability (LDTH) 
Sensitivity analyses were performed to consider the impacts of uncertainties in the values of 
fracture permeability used in the MSTH model. In the MSTH model, fracture and matrix are 
handled as the separate but overlapping continua (dual-permeability model) in which the 
permeability of the matrix and the fractures are expressed as different bulk permeabilities applied 
uniformly to the rock mass. Since the actual fracture permeability is heterogeneous, applying 
bulk permeability to the heterogeneous system could introduce uncertainties in the results. 
Because the fracture permeability rather than the matrix permeability (which is significantly 
smaller) dominates the TH processes, the practice has been to refer to the bulk permeability (kb) 
without distinguishing between the matrix and fracture permeability. Thus, the term “bulk 
permeability” actually refers to the bulk fracture permeability. This practice will be followed 
throughout this section. 

Sensitivity analyses (Buscheck 2001a [DIRS 1550121) were designed to address the potential for 
impacts by comparing the results over a wide range of ftacture properties. The first analysis 
considered the impacts that a range of kb representing approximately one standard deviation 
above and below the mean values (identified as high, mean, and low kb) had on both 
temperatures and relative humidity on the drift wall and drip shield in the center of the repository 
(CRWMS M&O 2000b [DIRS 149862)], Figure 5-2, location 15~3) for the HTOM with the mean 
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infiltration flux. Analyses were also conducted for two standard deviations above and below the 
mean values (identified as very high, mean, and very low b). Although the analyses were for 
the l5c3 location, they are applicable to the portion of the repository in which the host rock is the 
Tptpll unit, which comprises more than three-quarters of the repository area. The actual values 
for kb used in determining the very high, high, mean, low, and very low kb values in the models 
are shown in Table 21. As can be observed in Figure 31, the temperatures beyond 1,OOO years 
on the drift wall and the drip shield were insensitive to the kb used in the models for the HTOM. 
A few decades after closure there was some sensitivity of drift wall and drip shield temperature 
to bulk permeability. The drift wall temperatures were consistent for the mean and low kb cases, 
but slightly higher than the temperature for the high kb case. The drip shield temperatures were 
not sensitive to differences between mean and low kb, while the high kb resulted in a slightly 
lower temperature. For the very high and high kb cases, the peak temperature is 11 OC and a few 
“C lower, respectively than in the mean kb, low kb, and very low kb cases. 

The relative humidity results for the drip shield (Figure 31) were insensitive to the kb and nearly 
insensitive for the drift wall; there was less than a I-percent difference among the five cases. 
The results suggest that for the mean infiltration case, the MSTH model relative humidity results 
for the drift wall and drip shield are relatively insensitive to repository-scale permeability 
variability. This indicates that repository-scale variability of kb will not significantly modify 
MSTH model predictions of temperature and relative humidity in portions of the repository for 
which the Tptpll is the host rock unit. The weak dependence of temperature and relative 
humidity on kb in the Tptpll unit indicates that temperature and relative humidity predictions by 
the MSTH model would also be relatively insensitive to kb in portions of the repository where 
the host-rock unit is other than the Tptpll. 

Sensitivity of the MSTH model liquid saturation in the invert material was also evaluated. 
Figure 32 shows the predicted liquid saturation in the higher-temperature operating model for the 
same location within the repository footprint as the temperature and relative humidity 
assessments discussed above. The results are for the upper invert layer directly below the drip 
shield in the central portion of the drift (Figure 23 shows the computational cells in the invert). 
The index i in Figure 32 is 4 for the outermost invert cell and 1 for the innermost cell. These 
analyses were performed for the mean infiltration flux case. 

Figure 32 shows that the liquid saturation in the upper invert is zero until about 2,000 years after 
emplacement for the mean and low kb cases and about 3,000 years for the high kb case. The very 
high kt, case has an onset of rewetting at about 4,000 years. The general trend from these five 
permeability cases is that the onset of rewetting increases with kb and that the final “steady-state” 
value of liquid saturation increases with decreasing permeability. As the permeability decreases, 
liquid saturation in the fractures must increase to accommodate a given percolation flux; the 
increased liquid saturation results in lower capillary tension in the fractures and adjoining rock 
matrix. The lower capillary tension in the host rock promotes more wicking of moisture into the 
crushed-tuff invert. Because the capillary properties of the fractures were not varied along with 
the permeability and because a single continuum was used to represent the crushed-tuff invert, 
the trend between these permeability cases should be viewed qualitatively rather than 
quantitatively. 

UCRL-ID-146835 54 February 4,2002 



A similar set of analyses was performed for the LTOM. These analyses considered the same 
range of permeability and the same location within the potential repository footprint as can be 
observed in Figure 33; the temperatures on the drift wall and the drip shield are insensitive to the 
kb bulk permeability used in the models. The relative humidity on the drip shield and drift wall 
is also insensitive to the permeability. This indicates that repository-scale variability of 
permeability will not significantly modify MSTH model predictions of temperature and relative 
humidity in portions of the repository for which the Tptpll is the host rock unit. The weak 
dependence of temperature and relative humidity on permeability also indicates that temperature 
and relative humidity predictions by the MSTH model would also be relatively insensitive to 
permeability in portions of the repository where the host-rock unit is other than the Tptpll. 

The relative humidity of the drift wall for the LTOM is always nearly 100 percent (which is the 
relative humidity for ambient conditions), whereas for the HTOM, relative humidity drops to 
20 percent about 10 years after closure and then gradually increases with time until it reaches 
nearly 100 percent around 1,OOO years after emplacement; thus, relative humidity at the drift 
requires about 1,OOO years to return to ambient conditions. For this reason, the results of the 
MSTH model are not only insensitive to variations in kb of two standard deviations about the 
mean, but are also conservatively bounded in the maximum relative humidity for this lower 
temperature operating mode. If there are any effects on the results from permeability much 
different from the mean permeability value (e.g., due to capillary effects), the results could only 
reduce the relative humidity. Because relative humidity effects performance at higher values, the 
results of the MSTH model provide a conservative bound. 

The sensitivity of the MSTH model liquid saturation in the invert material was also evaluated for 
the LTOM. Figure 34shows the predicted liquid saturation at the same location in the repository 
footprint as the temperature and relative humidity assessments discussed above. The results are 
for the upper invert layer directly below the drip shield, in the central portion of the drift (Figure 
23). These analyses were performed for the mean infiltration flux case. The onset of rewetting 
occurs earlier in the invert for the LTOM than for the HTOM (compare Figure 34and Figure 32). 
The same trends between the permeability cases are observed in the LTOM as in the HTOM. 
The general trend is that the onset of rewetting increases with permeability and that the final 
“steady-state” value of liquid saturation increases with decreasing permeability. Because the 
capillary properties of the fractures were not varied along with the permeability of the fractures 
and because a single continuum was used to represent the crushed-tuff invert, the trend between 
these k,., cases should be viewed qualitatively rather than quantitatively. 

6.1.4 Sensitivity of MSTH results to host rock thermal conductivity (LDTH) 
Sensitivity analyses were performed to consider the uncertainties in drift-wall and drip-shield 
temperature, and relative humidity, and invert liquid saturation that result from uncertainties in 
the values of host rock thermal conductivity used in the MSTH model. The MSTH model uses 
values of bulk host rock thermal conductivity as input. In field and laboratory measurements of 
host-rock thermal conductivity used in these thermal-hydrologic calculations, there is not 
discrimination between the relative contributions of the fractures and matrix to the bulk thermal 
conductivity. However, it is recognized that fractures and void spaces can have a significant 
impact on the thermal conductivity. It has been also recognized (CRWMS M&O2OOOb 
[DIRS 1498621, Sections4.1.7 and 5.2.4) that there is a significant difference in thermal 
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conductivity between wet (or saturated) rock and dry (or unsaturated) rock. The liquid saturation 
state of the rock mass must be determined by the MSTH model analyses for any given time. 
Therefore, there are uncertainties in the value of thermal conductivity to use, which could 
introduce uncertainties in the MSTH model results. 

The thermal conductivity of the rock mass for the Tptpll unit was estimated based upon an 
evaluation of the lithophysal porosity using two different methods. The first method used the 
information from mapping the ECRJ3 drift (Mongano et al. 1999 [DIRS 1498501). The second 
method used information from core data and bulk density from geophysical measurements for 
borehole USW SD-7 at Yucca Mountain (BSC 2001j [DIRS 155008]). The porosity estimates 
from descriptive statistics of the ECRB mapping and the calculation of the lithophysal porosity 
from borehole USW SD-7 are comparable, and show that the mean values for lithophysal 
porosity are 0.125 and 0.120, respectively. The second method showed a low degree of 
correlation among the parameters of matrix saturation, matrix porosity, and air-filled lithophysal 
porosity. 

The Monte Carlo simulation method (Hahn and Shapiro 1967 [DIRS 1465291, pp. 237 to 241) 
was used to calculate expectation and variance of thermal conductivity for the Kunii and Smith 
(1960 [DIRS 153 1661, p. 75) predictive relation, the parallel predictive relation, and a composite 
predictive relation. The composite predictive relation uses the Kunii and Smith predictive 
relation for matrix properties and the parallel predictive relation (Hadley 1986 [DIRS 1531651, 
p. 914) for the air-filled lithophysal porosity. The results of these calculations for the Tptpll unit 
(BSC 2001 [DIRS 1550081, Section 6) are shown as the high and low cases in Table 22. 

Using the values of thermal conductivity determined in the analyses described above (BSC 2001 j 
[DIRS 155008]), the MSTH model sensitivity analyses (Buscheck 2001a [DIRS 15501 21) using 
the LDTH submodel were designed to address the potential for impacts of uncertainty in thermal 
conductivity by comparing the results of analyses over the range of thermal conductivity values 
determined. Table 22 reports the values of thermal conductivity used in the models. The high 
and low values represent those determined by the Monte Carlo simulations and the mean 
determined from the ECRB measurements, geophysical measurements, and analyses of Sass 
et al. (1988 [DIRS 1006441). 

The first set of sensitivity analyses considered the HTOM impacts. These analyses evaluated 
that the range of conductivity (the high, mean, and low conductivities shown in Table 22) had 
on temperature and relative humidity on the drift wall and the drip shield for a location in the 
center of the repository (CRWMS M&O 2000b [DIRS 1498621, Figure 5-2, location 15~3) for 
the HTOM case with the mean infiltration flux. Although the analyses were for the l5c3 
location, they are applicable to the portion of the repository in which the host rock is the Tptpll 
unit, which comprises more than three-quarters of the repository area. 

Temperatures on the drift wall and drip shield are sensitive to the thermal conductivity (Kh) used 
in the models for as long as 100,OOO years (Figure 35a and Figure 35b). The MSTH model 
temperature results are more sensitive to variability in values represented by values lower 
than the mean than they were to values above the mean. The drift wall peak temperatures for the 
low I(th values are nearly 220"C, compared to almost 150°C for the mean. The difference was 
around 70°C, which was almost 50percent higher than the mean value temperatures. The 
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difference between the mean and high &h temperatures was much less (about 12°C): 136°C for 
the high I(th compared to 148°C for the mean value, which is only 5 percent lower than the 
temperatures for the mean value. At 1,OOO years after emplacement, the difference between the 
m a n  and high I& results is negligible (2" to 3"C), with the mean & temperatures around 96 to 
97"C, the boiling temperature of water. This is significant, since at 1,000 years the low 
I(th temperatures are 112°C and rock at the drift wall would remain above the boiling point for 
approximately another 1 ,OOO years. 

Similar sensitivity to the I(th values used in the MSTH model analyses was observed in 
temperatures on the drip shield. The peak temperature for the low &h was 234"C, compared to 
l60OC for the mean and 150°C for the high I(th values. The differences between the mean 
calculation results and the low and high Ku, calculation results are 46 percent and 6 percent, 
respectively. Again, the differences persist for up to 100,OOO years, while the difference between 
the mean and high &h results essentially become insignificant within about 1,ooO years. The 
temperatures drop to the boiling point at about the same time as the drift wall temperatures 
(approximately 1,500 years and 2,000 years for the meadhigh and low Ka values, respectively). 

There are significant differences in calculated relative humidity on the drift wall for the low and 
mean I(th cases (Figure 3%). The low I& results in very low relative humidity in the early 
postclosure times: it starts at 3 to 5 percent from 50 to 60 years and gradually increases, up to 
60 percent at 1,OOO years. Relative humidity calculated for the mean value of I(th is 20 percent in 
the 50- to 60-year time frame, increasing to 60percent by 400 years. The comparable, 
time-wise, values for the high &h are 28 percent and 70 percent, as shown on Table 23. 

However, the impact on performance due to the differences in relative humidity is more 
significant during later times, when humidity exceeds 60percent. As noted in Table 23 the 
humidity reaches 60 percent for the mean I<th within 400 years after emplacement and increases 
to 95 percent at 1,OOO years after emplacement. The relative humidity calculated for the high &h 
case is 70 percent at 400 years (17 percent higher than the mean value results) and nearly 
100 percent at 1,OOO years. For the high &, case, those same relative humidity levels of the 
mean I(th case would occur at 280 and 700 years, respectively. The time required for the drift 
wall to attain ambient (near 100 percent) relative humidity is 900, 1,000, and 2,000 years for the 
high, mean, and low I(th cases, respectively. If the Kth values were actually lower than the mean 
used in the performance assessment, the results would be bounding; the relative humidity would 
be significantly lower for longer periods of time. 

The relative humidity results for the drip shield (Figure 35d) are sensitive to I<th for values of &h 

smaller than the mean; however, they are relatively insensitive for values of larger than the 
mean value used in the MSTH model analyses. The most divergent case, low &, has a much 
lower relative humidity than either the mean or high case for the first 2,000 years. Beyond 
2,000 years, there are minor differences between these cases. 

Sensitivity of the MSTH model liquid saturation in the invert material was also evaluated. 
Figure 36 shows the predicted liquid saturation for the same locations as the temperature and 
relative humidity assessments discussed above. The results are for the upper invert layer directly 
below the drip shield in the central portion of the drift. These analyses were performed for the 
mean infiltration flux case. The liquid saturation in the invert is zero until about 2,lOOyears 
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after emplacement for the mean and high &h cases and about 3,200 years for the low &h case. 
From the onset of rewetting (i.e., onset of nonzero liquid saturation values) until about 
13,OOO years after emplacement, the liquid saturation within the invert is somewhat sensitive to 
the Ku, used in the model. The difference in liquid saturation at 4,000 years is only 2.6 percent 
between the high Kth case (2.8 percent saturation) and the low &h case (0.2 percent saturation). 
There is approximately a 2,OOO-year difference in time for liquid saturation to reach 2 percent, 
which is nearly 3,000 years for the high & case and 5,000 years for the low &h case. The high 
and mean I( th  cases are quite similar. This leads to the conclusion that it is likely that only much 
lower & values would significantly change the liquid saturation conditions in the invert for 
&variations greater than those considered. In the long-term period of the HTOM, there is 
essentially no difference due to variation in &h. 

A set of analyses similar to those of the HTOM were performed for the LTOM. These analyses 
using the LDTH submodel considered the same range of thermal conductivity and the same 
location in the repository footprint as the HTOM analyses. 

As can be observed in Figure 37a and Figure 37b, temperatures on the drift wall and the drip 
shield were sensitive to the & used in the models for as long as 100,OOO years. The MSTH 
model temperature results were more sensitive to variability in &h values (represented by values 
lower than the mean) than they were to values above the mean. The drift wall peak temperatures 
for the low I(th values were approximately 88"C, compared to 73°C for the mean. The difference 
was 15"C, which was about 21 percent higher than the mean value temperatures. The difference 
between the mean and high K.U, temperatures was much less, around 3"C, 70°C for the high K.U, 
compared to 73°C for the mean value, which is only 4 percent lower than the temperatures for 
the mean value. At 10,000 years after emplacement, the difference between the mean and high 
& results is negligible, while there is a difference of 5°C between the low and mean I(th cases. 
For the high and mean value cases, the drift wall temperatures drop below 70°C at 1,400 years 
after emplacement, whereas the low &h temperatures do not drop below 70°C until 3,800 years 
after emplacement. 

A similar sensitivity trend to the &h values used in the MSTH model analyses was observed in 
the temperatures on the drip shield. The peak temperature for the low &h was 93°C compared to 
77°C for the mean and 75°C for the high &values. The differences between the mean 
calculation results and the low and high I(th calculation results are 21 percent and 3 percent, 
respectively. Again, the differences persist for up to lO0,OOO years, while the difference between 
the mean and high &h results essentially become insignificant within about 10,000 years. The 
temperatures drop to below 70°C at approximately 2,000 years and 4,000 years for the meadhigh 
and low Kth values, respectively. 

There are no differences in calculated relative humidity on the drift wall for the low, high, and 
mean & cases (Figure 37c). All cases result in nearly 100percent relative humidity for all 
times. The lower temperatures do not result in rock dryout, and the MSTH model analyses do 
not account for moisture removal by ventilation. Therefore, the relative humidity remains close 
to 100percent (ambient conditions) for all times. The relative humidity results for the drip 
shield (Figure 37d) are very insensitive to the &h used in the MSTH model analyses. 
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Figure 38 shows the predicted liquid saturation for the same locations as the temperature and 
relative humidity assessments discussed above. The results are for the upper invert layer directly 
below the drip shield in the central portion of the drift. These analyses were performed for the 
mean infiltration flux case. The liquid saturation in the invert is zero for all thermal conductivity 
cases until about 1,100 to 1,200 years after emplacement for the mean and high K h  cases and 
about 2,000 years for the low &h case. From the onset of rewetting until 20,000 years after 
emplacement, there is a degree of sensitivity of liquid saturation within the invert to the &h used 
in the model. The difference in liquid saturation at 7,000 years is 1.8 to 1.9 percent liquid 
saturation between the high &, case (5.1 percent saturation) and the low &h case (3.2 to 
3.3 percent saturation). There is a 2,000-year difference in time when the invert liquid saturation 
reaches 3 percent between the high and low K h  cases, which reach 3 percent liquid saturation at 
3,000and 5,000years respectively. The time difference increases up to 3,OOOyears for 
3.2 percent between the high and low &h cases. 

Comparison of Results of Higher- and Lower-Temperature Operating Modes-Peak 
temperatures on the drift wall in the central portion of the repository for the HTOM and the 
LTOM are about 148 and 73"C, respectively, under mean infiltration and permeability 
conditions. The temperatures decrease to ambient (Le., approximately 22.5OC) around 
100,OOO years. The relative humidity on the drift wall for the HTOM drops to about 20 percent 
about 60 years after emplacement, then increases to 95 percent at about 1,000 years. The 
temperatures at the time that the drift wall relative humidity approaches 100 percent are about 
90°C, and decrease to 70°C around 4,000 years. Thus, there is a period of about 3,000 years 
when the relative humidity is nearly 100 percent and temperatures are higher than 70°C. For the 
LTOM, the relative humidity is always nearly 100 percent. The drift wall temperatures for the 
LTOM are between 70 and 74°C from about 400 to 1,500 years. Thus, there is a period of about 
900years when the temperatures are slightly above 70°C and the relative humidity is nearly 
100 percent. For the LTOM, the drip-shield relative humidity is very insensitive to &h. For the 
HTOM, drip-shield relative humidity is sensitive to & for values less than the mean &; this 
sensitivity lasts for about 2,000 years. For values of &h greater than the mean value, relative 
humidity is much less sensitive, with relative humidity being somewhat higher for the high I(th 

case during the first 1,100 years. 

6.1.5 Sensitivity of MSTH Model Results to Lithophysal Porosity (LDTH) 
Sensitivity analyses of the impact of & uncertainties, largely due to lithophysal porosity impacts 
on thermal conductivity, were discussed in Section 6.1.4. In addition to the impacts on the 
thermal conductivity, the lithophysal porosity can also impact the heat capacity. Heat capacity is 
a function of rock mass density, and therefore subsequently a function of porosity. The heat 
capacity, thus, will decrease with increased porosity. Mapping data along the ECRB drift walls 
(Mongano et al. 1999 [DIRS 1498501) indicate that the mean lithophysal porosity of the lower 
lithophysal unit is 0.125 (see Section 4.3.5.3.2). The matrix porosity of the lower lithophysal 
unit (tsw35) is 0.1 15 (DTN: M09901RIB00044.000 [DIRS 1099661). Because the lithophysal 
porosity is roughly equal to the matrix porosity, uncertainty in the lithophysal porosity can 
significantly impact the porosity and the heat capacity used in the MSTH model analyses. 
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Sensitivity studies were performed using the LDTH submodel of the Multiscale 
ThermohydroZogic Model (CRWMS M&O 2000b [DIRS 1498621) to consider the effects of 
uncertainties in the lithophysal porosity on both thermal conductivity and heat capacity 
(BSC 2001 [DIRS 155008]), which in turn affect temperature, relative humidity, and liquid 
saturation at the drift wall and drip shield (Buscheck 2001a [DIRS 1550121). These sensitivity 
studies were performed for the same repository location as sensitivity studies in Section 6.1.4, 
which considered the lithophysal porosity on thermal conductivity alone. By comparing the 
results of the mean, high, and low lithophysal porosity results with the &h analyses 
(Section 6.1.4), an assessment can be made of the sensitivity of the results to the lithophysal 
porosity, or more specifically to the influence of lithophysal porosity on heat capacity. Figure 39 
shows the first analysis, which considered the effects that the range of lithophysal porosity 
(Table 24) had on the temperature and relative humidity on the drift wall and drip shield for a 
location in the center of the repository (location 15c3 reference) for the HTOM with the mean 
infiltration flux. Although the analyses were for the 15c3 location, they are applicable to the 
portion of the repository in which the host rock is the Tptpll unit, which comprises more than 
three-quarters of the repository area. 

As can be observed by comparing the results shown on Figure 35a with the results shown on 
Figure 39% the peak temperatures on the drift wall were 2 to 3°C cooler for the low lithophysal 
porosity case that included effects of the porosity on the heat capacity than that which did not. 
Likewise, peak temperatures were 16°C higher for the high lithophysal porosity than for the 
comparable case from Section 6.1.4 that did not include these effects on the heat capacity. 
Similar, but of smaller magnitude, differences were noted for the temperatures on the drip shield 
(Figure 35b and Figure 39b). The differences for the drift wall and drip shield disappeared within 
1,OOO years of emplacement. Relative humidity differences were noted for the drift wall only, 
and only for the low lithophysal porosity case where there was an approximately 3 percent 
relative humidity difference when the porosity impacts on the heat capacity were considered 
(Figure 39c and Figure 3%). There was no impact on the drip shield relative humidity (Figure 
39d and Figure 35d). Invert saturation (Figure 40) was not affected by neglecting the influence 
of lithophysal porosity on heat capacity. These observations indicate that neglecting the 
influence of lithophysal porosity on heat capacity will not add to uncertainty in the results from 
the MSTH model. 

Comparisons of results for the LTOM with and without consideration of the influence of 
lithophysal porosity on heat capacity reveal no difference. This is seen by comparing results of 
the analyses of temperatures on the drift wall and drip shield that included consideration of the 
effects of lithophysal porosity on heat capacity (Figure 41) with the results of the analyses that 
did not include the influence of lithophysal porosity on heat capacity (Figure 37). There is no 
difference in any of the curves. This result is consistent with the conclusions for the HTOM. 

Figure 42 shows the predicted liquid saturation for the same location as the temperature and 
relative humidity assessments discussed above. The results are for the upper invert layer that is 
directly below the drip shield in the central portion of the drift. These analyses were performed 
for the mean infiltration-flux case. Comparison of Figure 42, which shows the results of analyses 
that considered the influence of lithophysal porosity on heat capacity, with Figure 38, which does 
not include the consideration of the influence of lithophysal porosity on heat capacity, indicates 
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that there is no impact on the MSTH model invert saturation results as a result of neglecting the 
influence of lithophysal porosity on heat capacity. 

6.1.6 Sensitivity of TH to design and operational parameters (MSTH) 
The analyses presented in this report focus on three goals: incorporating new science, 
quantifying uncertainties, and evaluating the performance and uncertainty associated with 
HTOM and LTOM. This section discusses the sensitivity of THparameters to design and 
operating parameters that could be used to achieve a LTOM goal. 

Figure 43 depicts the HTOM and LTOM in terms of values of peak waste package temperature 
resulting from different choices of design and operating parameters. The figure shows that the 
HTOM has waste package peak temperatures of about 175"C, lower than the peak values 
presented in the Viability Assessment of a Repository at Yucca Mountain, Total System 
Per$omurnce Assessment (DOE 1998 [DIRS 1005501, Volume 3, Figure 3-22), which shows a 
peak temperature of about 200°C using bin-averaged, rather than hottest waste package, 
temperatures. Two LTOM options are shown, both resulting in peak waste package 
temperatures of about 85°C based on two-dimensional calculations. 

Three design parameters-drift diameter, drift spacing, and waste package capacit y-are shown 
in the inner portion of Figure 43. These parameters were held constant for the purposes of this 
report, which focuses on determining performance and associated uncertainty for a range of 
thermal operating environments. If the site is recommended, design parameters can be varied 
during the preparation of a license application to optimize a combination of criteria, including 
worker safety, cost, and reduction in performance uncertainty. 

The outer portion of Figure 43 shows operating parameters, including waste package spacing, 
forced and natural ventilation rates, and ventilation duration. These parameters can be changed 
even after a repository has been constructed. The two LTOM options use different values of 
operational parameters to approach the same TH conditions. The option analyzed in this 
document uses the first @drifts in the footprint (a contiguous, planar area), variable gaps 
between waste packages (1.1-m average), and 300 years of forced ventilation at a rate of 15 m3/s. 
The resulting linear heat loading at emplacement of this option is 1.13 kW/m (Buscheck 2001c 
[DIRS 1554491). 

Another lower-temperature option uses a larger footprint, has wider gaps between waste 
packages (2-m average), and shifts from forced to natural ventilation after 50 years (BSC 2001f 
[DIRS 1550101; BSC 20011 [DIRS 15501 11). The natural ventilation rate used in the second 
reference is an average of 3 m3/s for the 50- to 100-year period and 1.5 m3/s for the 100- to 
300-year period. The resulting linear heat loading at emplacement of this option is 1.0 kW/m. 
The two options trade forced ventilation duration and waste package spacing (and repository 
footprint). 

Natural ventilation and other methods to achieve lower repository temperatures have been the 
subject of study for several years (BSC2001k [DIRS 1548551; CRWMS M&O2000c 
[DIRS 1522691; CRWMS M&O 2OOOe [DIRS 1521461). The lower-temperature option shown 
in (Figure 43) is based on design and operational parameters developed from sensitivity 
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calculations in these three references. Additional documentation is in BSC (2001f 
[DIRS 1550101) and BSC (20011 [DIRS 15501 11). 

The in-drift TH parameter histories, including variability across the repository footprint, are 
shown in Section 5.4.2 for the LTOM. The MSTH model calculations (Buscheck 2001c 
[DIRS 1554491) were repeated for the same AML and linear heat loading of 1.13 kW/m as the 
LTOM base case. The new (Buscheck 2001c [DIRS 1554491) used a line loading arrangement 
with IO-cm gaps between all waste packages, rather than more widely spaced waste packages. 
The linear heat loading was maintained at the same level, since the waste packages were moved 
together by de-rating the hotter waste packages. The de-rating was done simplistically, by 
removing spent nuclear fuel assemblies from the hotter PWR waste packages until the target heat 
loading was achieved (at the 16 fuel assembly level). If a lower-capacity waste package option 
is developed during a potential license application, it could achieve goals of lower peak power by 
using smaller PWR waste packages or by blending BWR and PWR assemblies in the same waste 
package. Flexibility could be reserved for the blending of the two types of assemblies by 
developing an adapter-insert that would fit into the PWR basket slot and contain an opening the 
size of the smaller BWR assemblies. 

Figure 44 compares the postclosure distribution of peak waste package temperature and relative 
humidity across the repository footprint for the LTOM option described in this report and the 
de-rated waste package capacity option for the medium infiltration history case, although the 
MSTH model results also include cases for lower and higher infiltration levels. The distributions 
are displayed as cumulative complementary distribution functions; the values on the y-axis are 
the fraction of waste packages hotter than the indicated value on the x-axis. The base case 
resulted in 98.3 percent of the waste packages not exceeding the goal of 85"C, and a peak of 
86.0"C for the hottest waste package in the 7620 calculated waste package temperature-time 
histories. The abstracted temperature histories used in TSPA are somewhat lower because 
histories are grouped into bins, within which the average is used. The de-rated waste package 
case resulted in 100 percent of the waste packages not exceeding the goal of 85"C, and a peak of 
82.6"C for the hottest waste package. The de-rated waste package option had slightly cooler 
results for the same repository footprint. The cooler temperatures are due to the smaller range of 
thermal powers among the waste packages and the more effective radiation heat transfer between 
closely spaced waste packages. 

For waste packages that exceed the 85°C goal, a low humidity can prevent the formation of 
aqueous films that are required for corrosion initiation. Figure 44 also shows the postclosure 
relative humidity distribution (among the 1.7 percent of the ensemble of waste packages that 
exceed 85°C for some period of time in the LTOM base case) when the temperature of each 
waste package falls below 85°C. The initiation threshold for crevice corrosion of 85°C is based 
on more aggressive water chemistry than is expected on waste package surfaces. 

To compare other options, a simplified version of the MSTH model was used (Buscheck 2001c 
[DIRS 1554491). In the simpler model, the same four submodels were used, but only a single 
location (15~3) was used for the smeared-heat-source drift-scale temperature (SDT) and 
line-source drift-scale thermal-hydrologic submodels. The l5c3 location is near the repository 
center and is within the lower-lithophysal stratigraphic unit. 
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Figure 45 shows postclosure temperature and relative humidity histories (Buscheck 200 IC 
[DIRS 1554491) for the hottest waste package surface for three LTOM implementations that 
share the same areal mass loading of 45.7 MTU/acre: the LTOM base case, the de-rated waste 
package case, and a wider drift spacing case that uses the HTOM waste package arrangement, 
but with a drift spacing of 97 m instead of 81 m. As summarized in Table 25, the peak 
temperatures are 84.3"C for the base case, 81.7"C for the de-rated waste package case, and 
88.8"C for the wider drift spacing case. These results indicate that all three methods achieve 
similar temperatures for LTOM designs. Line loading with a limited range of waste package 
thermal powers (i.e., using de-rated waste packages) is most effective at limiting peak 
temperature, and wider spacing of waste packages within the drifts is more effective than wider 
spacing of drifts. The relative effectiveness of these design and operating parameters (waste 
package capacity, drift spacing, and waste package spacing) is consistent with the conceptual 
understanding of three-dimensional radiation heat transfer among the waste packages. 

A comparison of Figure 44 and Figure 45 shows that the simplified MSTH model calculates 
peak temperatures about 1 to 2°C less than the full MSTH model. It was expected that the peak 
temperatures would be somewhat lower because it is not likely that the location chosen for the 
simplified MSTH model would be the location of peak power. The location was chosen, 
however, to be in a central region with low infiltration flux so that it would be near the overall 
peak temperature. The advantage of using the simplified MSTH model is that additional design 
variables can be investigated with a smaller suite of calculations, yet with results (at the chosen 
location) that are the same as the full MSTH model results. 

The postclosure relative humidity histories at the hottest waste package surface are shown in 
Figure 45 for the three LTOM cases. Depending on the composition of the dust on the waste 
package surface, the threshold relative humidity for water film formation (deliquescence) varies. 
Figure 45 can be used to determine the time at which the threshold humidity is reached. This 
value can then be used with the temperature panel of the same figure to estimate the likelihood of 
crevice corrosion during the thermal pulse for the hottest waste packages in the repository. The 
figures indicate that only the case with wider drift spacing is above the 85°C temperature 
threshold., During the time that the surfaces of some waste packages are above 85"C, the 
humidity ranges between 48 and 69 percent for the wider drift spacing case. The maximum 
duration during which temperatures are above 85°C is about 500 years for that case. Figure 44b 
shows that for the 1.7 percent of the waste packages that exceed 85°C for the LTOM-PA case, 
the relative humidity ranges between 48 and 62 percent during the time that the waste-package 
surface temperature exceeds 85°C. Figure 44b also shows that none of the waste packages 
exceeds 85°C for the de-rated waste-package case.[ 

6.1.7 Sensitivity of Pre-dosure Dryout (LDTH) 
Note that for the thermal-hydrologic model calculations conducted for this section, the ambient 
liquid saturation is 0.94 in the matrix continuum). In this section, we investigate whether 
explicitly accounting for rock dryout during the preclosure period significantly influences 
predicted thermal-hydrologic conditions during the postclosure period. The LDTH submodel at 
the 15c3 location was used to investigate this sensitivity. The location and infiltration boundary 
conditions for the two-dimensional submodel were the same as those described in 
Section 5.3.2.4.2. Four different cases (called Cases 1, 2, 3, and 4) are considered for both the 
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HTOM and LTOM, with each case having different assumptions about thermal-hydrologic 
conditions within the emplacement drifts during the preclosure ventilation period. Note that for 
the thermal-hydrologic model calculations conducted for this section, the ambient liquid 
saturation is 0.94 in the matrix continuum). 

For each of the four cases and for both of the operating modes, the model was implemented in 
three steps. The first step was to run the model during the preclosure period to obtain the 
drift-wall temperature history, using the base-case ventilation efficiencies: 70 percent for 
50 years for the higher-temperature operating mode and 80 percent for 300 years for the 
lower-temperature operating mode. The second step was to repeat the preclosure calculation for 
the rock portion of the model, using the Step-One drift-wall temperature history and an assigned 
gas boundary condition at the drift wall. 

In Step Two, the gas boundary condition was assigned to have a gas-phase pressure of 99 percent 
of ambient pressure and a relative humidity of 30 percent during the preclosure ventilation period 
for Case 1. A relative humidity of 30 percent is close to the mean annual relative humidity at the 
ground surface at Yucca Mountain. The psychrometric properties of the intake air for the 
ventilation of the emplacement drifts are summarized in (BSC2001a [DIRS 1552461, 
Table XXVII-1). The emplacement drifts are ventilated by pulling (rather than pushing) air, 
which causes the gas-phase pressure in the ventilated drifts to be reduced by a maximum of 
about 1 percent relative to ambient conditions (CRWMS M&O 2000h [DIRS 1541761, p. 22). 
Cases 2 and 3 assign different values of either gas-phase pressure or relative humidity, while 
Case 4 uses different ventilation efficiencies than in Cases 1, 2, and 3. Thus, the ventilated 
emplacement drift functions as a sink for the humid gas in the host rock due to the lower gas- 
phase pressure and lower water vapor content of the in-drift air compared to the air in the 
near-field rock. Note that under ambient conditions, relative humidity in the host rock is greater 
than 99 percent. 

The final preclosure distributions of temperature, liquid saturation, gas-phase pressure, and 
relative humidity in the host rock from Step Two become the initial rock conditions for the Step- 
Three postclosure calculation. Thus, Step Three captures the influence of preclosure dryout of 
the host rock. Step Three is similar to Step One in that the line-averaged heat-generation rate of 
the waste packages is represented in the LDTH submodel, rather than representing the influence 
of this heat-generation-rate with a specified boundary temperature as was done in StepTwo. 
During the postclosure period, 100 percent of the heat generated by waste packages is 
represented in the LDTH model. Figure 46 and Figure 47 show the heat-generation histories for 
the higher- and lower-operating modes, respectively. 

This three-step process was repeated for Cases 2, 3, and 4 for both the higher- and 
lower-temperature modes. Case 2 is the same as Case 1 except relative humidity in the drift is 
assigned to be 5 percent (instead of 30 percent) during the preclosure period. The value of 
5 percent corresponds to the minimum relative humidity of the ventilation air (4.77 percent), 
which is calculated to occur at 10 years (BSC 2001a [DIRS 1552461). A relative humidity of 
5 percent represents an extreme lower bound for the in-drift relative humidity conditions during 
the ventilation period. Case 3 is the same as Case 1 except gas-phase pressure in the drift is 
assigned to be 95 percent of ambient during the preclosure period. Case 4 is the same as Case 1 
except the ventilation efficiencies are assigned to be 60 percent for 50 years for the HTOM and 
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70 percent for 300 years for the LTOM (10 percent less than the other cases for both operating 
modes). 

Figure 48 shows the lateral extent of host-rock dryout at the end of the preclosure ventilation 
period for Case 1. At the time of closure, liquid saturation in the matrix is reduced to about 0.5 
at distances of 3 m and 1 m laterally away from the drift wall, for the higher- and 
lower-temperature operating modes, respectively. 

For the higher-temperature operating mode, Figure 49 compares the results of Case 1 to those of 
the base-case 15c3 LDTH submodel (the base case neglects the influence of rock dryout during 
the preclosure period). The results of the base-case l5c3 LDTH submodel, together with those of 
the LDTH submodels at the 32 other geographic locations in the repository, are included in the 
generation of the MSTH model results described in Section 6.2.1. Figure 49 shows that Case 1 
and the base case result in almost identical postclosure temperature at the drift wall and drip 
shield, relative humidity at the drip shield, and liquid saturation in the invert and at the drift wall. 
The preclosure dryout predicted for Case 1 has a negligible effect on postclosure thermal- 
hydrologic conditions around the drift. The rapid increase in temperatures (above the boiling 
point of water) following the cessation of ventilation generates a much larger dryout zone than 
that generated during the preclosure ventilation period, thereby overwhelming the influence of 
the preclosure dryout calculated in Step Two of the three-step calculation. 

For the lower-temperature-operating mode, Figure 50 compares the results of Case 1 to those of 
the base-case l5c3 LDTH submodel, (the base case neglects the influence of rock dryout during 
the preclosure period). The results of the base-case l5c3 LDTH submodel, together with those of 
the LDTH submodels at the 32 other geographic locations in the repository, are included in the 
generation of the MSTH model results described in Section 6.2.2. Figure 50 shows that Case 1 
and the base case result in almost identical postclosure temperature at the drift wall and drip 
shield, relative humidity at the drip shield, and liquid saturation in the invert and at the drift wall. 
The preclosure dryout predicted for Case 1 has a negligible effect on postclosure thermal- 
hydrologic conditions around the drift. Rewetting of the host rock (primarily by matrix 
imbibition) requires about one hundred years after closure. However, peak temperatures at the 
drift wall and drip shield occur even later, two to three hundred years after closure for the 
lower-temperature operating mode, and are not affected by the inclusion of preclosure dryout in 
the LDTH-submodel calculation. Because the dryout zone (which corresponds to the region of 
reduced thermal conductivity in the host rock) has collapsed prior to the occurrence of peak 
temperatures for the LTOM, rock dryout has a negligible influence on peak temperatures, as well 
as on other thermal-hydrologic conditions in the emplacement drifts. 

Figure 51 compares the lateral extent of host-rock dryout at the end of the preclosure ventilation 
period for the HTOM and LTOM for Cases 1, 2, 3, and 4. The lower input value of relative 
humidity in the drift for Case 2 (5 percent) compared to Case 1 (30 percent) causes the lateral 
extent of dryout to extend further into the rock. The lower input value of gas-phase pressure in 
the drift for Case 3 (95 percent of ambient) compared to Case 1 (99 percent of ambient) causes 
the lateral extent of dryout to extend further into the rock. Case 4, which uses a lower ventilation 
efficiency than Case 1, results in higher temperature at the drift wall during the preclosure 
ventilation period and causes the lateral extent of dryout to extend further into the rock. For all 
three cases (2-4), the influence of this effect is greater for the higher-temperature-operating mode 
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than for the lower-temperature operating mode. Summarizing, the lateral extent of host-rock 
dryout increases with decreasing relative humidity and gas-phase pressure in the drift and it 
increases with increasing drift-wall temperature. Figure 52 compares Cases 1, 2, 3, and 4 for the 
HTOM. Although Cases 1, 2, and 3 produced slightly different lateral extents of preclosure 
dryout, they result in almost identical postclosure temperature at the drift wall and drip shield, 
relative humidity at the drip shield, and liquid saturation in the invert and at the drift wall. Recall 
that Case 1 has a virtually identical temperature, liquid saturation, and relative humidity 
conditions as in the base-case LDTH submodel that ignored the influence of preclosure dryout. 
Therefore, Cases I ,  2, and 3 result in the same temperature, liquid saturation, and relative 
humidity conditions as in the base-case LDTH submodel that neglects preclosure dryout. Case 4 
results in slightly higher temperatures, and in slightly lower liquid saturation and relative 
humidity, than in Cases 1, 2, and 3. The primary cause of the higher temperature and lower 
liquid saturation and relative humidity in Case 4 is that it utilized a lower heat removal efficiency 
during the preclosure ventilation period, resulting in higher temperatures at the beginning of the 
postclosure period. The secondary cause of the higher temperatures is the large dryout zone that 
results in a larger region of reduced thermal conductivity, causing postclosure temperatures to be 
somewhat higher. 

Figure 53 compares Cases 1, 2, 3, and 4 for the lower-temperature-operating mode. Cases 1, 2, 
and 3 produce essentially identical postclosure temperature at the drift wall and drip shield, 
relative humidity at the drip shield, and liquid saturation in the invert and at the drift wall. Recall 
that Case 1 has similar temperature, liquid saturation, and relative humidity conditions as in the 
base-case LDTH submodel that ignored the influence of preclosure dryout. Therefore, Cases 1, 
2, and 3 result in the same temperature, liquid saturation, and relative humidity conditions as in 
the base-case LDTH submodel that neglects preclosure dryout. Case4 also results in similar 
liquid saturation and relative humidity conditions; however, Case 4 results in slightly higher 
temperatures than in the other cases. The cause of the higher temperature in Case4 is that it 
utilized a lower heat removal efficiency during the preclosure ventilation period, resulting in 
higher temperatures at the beginning of the postclosure period. 

6.1.8 Sensitivity of 3D In-Drift Effects (DDT) 
The variations in geometry and thermal output of waste package will result in variation of 
temperature within a cross-section of an emplacement drift and along the drift axis. Because the 
in-drift air will be circulated due to natural convection, resulting in a spatially uniform 
composition, water will preferentially evaporate from warmer surfaces and condense on cooler 
surfaces due to the small difference in equilibrium of vapor pressure at the temperatures of the 
surfaces. Surface roughness and the presence of dust will influence the vapor pressure at the 
surfaces. 

The MSTH model (CRWMS M&O2000b [DIRS 1498621) includes evaporation and 
condensation on in-drift surfaces, based on thermodynamic properties of the gas and liquid 
phases. The water then moves along the drift surface under the influence of gravity and capillary 
forces in the highly permeable porous medium used to simulate the air. This treatment captures 
much of the two-phase process; however, it does not calculate the details of the geometry of 
condensation (film thickness or growth of individual drops) on surfaces which can be affected by 
roughness and on dust which can dissolve into the condensing water. 
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The TSPA-SR (CRWMS M&O 2000J [DIRS 1532461) model includes humid-air corrosion of 
the waste packages and drip shields when in-drift air humidity is high enough to deliquesce onto 
salts in the dust. Therefore, condensation on the waste packages and drip shields is assumed in 
the current implementation of corrosion in TSPA. In TSPA-SR (CRWMS M&O2000j 
[DIRS 153246]), radionuclide transport in the engineered barrier system was assumed to be 
diffusive until breach of the drip shields by corrosion or disruptive events; the basis of this 
assumption was that condensate film or drops could be too thin (or small) to flow, flow very 
slowly, or be hindered by corrosion products, detrital material, or mineral precipitates. 

For one SSPA Volume 2 (McNeish 2001 [DIRS 1550231) unquantified uncertainty sensitivity 
study, the condensation model was improved. Condensation on the underside of the drip shield 
can occur in the improved model if the vapor pressure at the invert is higher than the saturation 
pressure at the drip shield. This situation is implemented by assuming there is condensation 
when the drip shield temperature is less than the invert temperature; the implementation ignores 
chemical and capillary effects on the vapor pressure in the invert. Condensation is assumed to 
drip from the drip shield onto the waste package, analogous to the dripping of seepage from a 
drip shield breach. The volume of condensation is sampled from zero to 100percent of the 
evaporation rate of water from the invert (an output of the MSTH model). This sampling 
qualitatively accounts for the competition for evaporated water by other cool surfaces such as the 
drift wall and for run-off of some of the condensate along the side of the drip shield. 

Improvements in the three-dimensional DDT submodel of the MSTH model have increased the 
accuracy of in-drift temperature history calculations that support the improved condensation 
model described in Section 8.3.2 of SSPA Volume 2 (McNeish 2001 [DIRS 1550231). Results 
of the base case calculations (Buscheck 2001b [DIRS 1552431) for the HTOM and LTOM are 
summarized in Table 26 and 6.1.8-2, respectively. Those results are the focus of the discussion 
following the tables. 

In addition to being an input to the improved, but simple, condensation model in Section 8.3.2 of 
SSPA Volume 2 (McNeish 2001 [DIRS 155023]), the in-drift temperature histories could be 
used in detailed condensate geometry calculations in support of a potential license application. 
Section 10.3 includes a discussion of models to determine condensation film thickness as a 
function of substrate material, temperature, and relative humidity, to estimate the area for 
diffusion of radionuclides within the film. That analysis could be useful in developing a model 
to determine if condensation could form a source for slow flow that could support advection. 
Test results from the quarter-scale canister tests (Howard et al. 2001 [DIRS 1532821) and from 
the scope of work that is identified in the technical work plan for the sealed section of the ECRB 
cross-drift (BSC 2001i [DIRS 1550511, Section 1, Items 27 to 33) are other inputs that can be 
used to support condensate formation and flow modeling. 

Table 26 illustrates the temperatures in three cross-sections through the ten waste package 
computational cell for the HTOM. The cell includes ten full waste packages and two half waste 
packages, with the distribution of waste package types and thermal powers being representative 
of the full inventory of the repository. The three cross-sections are through the mid-lengths of 
the hottest waste package (pressurized water reactor, PWR), an average power waste package 
(boiling water reactor, BWR), and a cool waste package (defense high level waste DHLW). The 
times selected include the time of peak preclosure temperature, just after closure, peak 
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postclosure temperature, three times during the slow cooling of the repository (as the waste 
decays), and a final time at which near-ambient temperatures have been reached. The DDT 
submodel represents radiation under and above the drip shield explicitly, but uses a 
perimeter-averaged correlation to represent natural convection. More accurate temperatures 
along the drift wall perimeter will be available when Navier-Stokes computational fluid 
dynamics models are applied to this system. 

During the preclosure period, the low relative humidity of the ventilation air will limit the water 
content of the in-drift air enough that water films will be negligible. At the peak of the 
postclosure temperature for the HTOM, all temperatures are sufficiently high that water films 
would not form. However, under some conditions, highly deliquescent salts in dust on some 
components may cause condensate formation at low humidity or elevated temperature; these 
conditions are being studied in support of a potential license application. 

Two thousand years after the waste emplacement, before temperatures have cooled to 
below-boiling values, the range of temperature differences on all surfaces within the 
three-dimensional cell is less than 4°C. Within a cross section, the range is as little as several 
tenths of a degree at the cool waste package to as much as almost 3°C at the design basis 
(hottest) waste package. Along the drift axis, the range is less than 1°C at the drift wall, and as 
much as about 3°C at the waste package. Thus, the axial range is similar to the range within a 
cross section. 

As temperatures decrease through the boiling point, the coolest surfaces in the drift are at the 
drift wall. The invert zone under the drip shield is slightly warmer than the drip shield itself. 
Since the invert temperature is an average through its half-depth, its surface is hotter than either 
its average or the drip shield surface. Thus, for the natural convection (perimeter-averaged) 
correlation and the low value of invert thermal conductivity used in the calculation, condensation 
would be favored on the drift wall near the coolest waste package. However, condensation 
depends on surface conditions as well as temperature; thus the temperature relationships are not 
enough to draw conclusions about condensate geometry on rock, titanium, and gravel. 

Airflow patterns of natural convection are expected to shift the temperature of the drip shield 
(upper region) upward and the temperature of the invert surface under the drip shield downward. 
Therefore, natural convection could result in a cooler invert than the drip shield, reducing 
potential condensation on the underside of the drip shield. As corroboration of this logic, 
observations of the quarter-scale canister test were that the invert was cooler than the drip shield, 
with no dripping or rivulets observed under the drip shield (Howard et al. 2001 [DIRS 1532821). 

Table 27 illustrates the temperatures in five cross-sections through the ten waste package 
computational cell for the LTOM. The cell includes the same sequence of waste packages as for 
the HTOM. However, there are variable length gaps between the waste packages with the goal 
of smoothing the local lineal heat loading. This geometric smoothing is an alternative to the 
axial radiation heat transfer between waste package ends that smoothes the local lineal heat 
loading in the HTOM. The five cross-sections are through the mid-lengths of the hottest waste 
package (PWR), an average power waste package (BWR), a cool waste package (DHLW), a 
warm gap, and a cool gap between waste packages. The times selected include the time of peak 
preclosure temperature, just after closure, three times representing the broad period of near-peak 
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postclosure temperature, during the slow cooling of the repository (as the waste decays), and a 
final time at which near-ambient temperatures have been reached. 

During the preclosure period, the low relative humidity of the ventilation air will limit the water 
content of the in-drift air enough that water films will be negligible. Under some conditions, 
highly deliquescent salts in dust on some components may be able to cause condensation at low 
humidity; these conditions are being studied in support of a potential license application. As 
soon as ventilation ceases for the LTOM, all temperatures are sufficiently low that condensate 
could form. 

At the time of peak waste package temperature, the range of temperature differences on all 
surfaces within the three-dimensional cell is about 10°C. Within a cross section, the range is as 
little as 1°C at the cool waste package to as much as 8°C at the design basis (hottest) waste 
package. Along the drift axis, the range is about 2°C at the drift wall, and about 9°C at the waste 
package. Thus, the axial range is similar to the range within a cross section. 

As temperatures cool, the coolest surfaces in the drift are at the drift wall. The invert zone under 
the drip shield is slightly warmer than the drip shield itself. Because the invert temperature is an 
average through its half-depth, the surface is hotter than either the average or the drip shield 
surface. As for the HTOM, shifts in temperature patterns around the perimeter of air flow loops 
could reverse the temperature relationship between the drip shield and invert surface, resulting in 
little condensation on the drip shield underside. 

6.2 MSTH Calculations in Support of SSPA, V01.2 (TSPA Parameters) 

6.2.1 HTOM Results 
This section describes the MSTH model base-case calculations (Buscheck 2001 b 
[DIRS 1552431) for the HTOM, which includes the mean, upper, and lower infiltration-flux 
scenarios. Figure 54 is a plan view of the MSTH model representation of the potential HTOM 
repository; also shown are the geographic locations for which TH conditions are shown in Figure 
55 and Figure 56. These locations were chosen to illustrate the manner in which TH behavior is 
influenced by proximity to the edges of the repository. Three of these locations are close to the 
center of the repository; two are located in the extreme northeast and southwest corners of the 
repository area, and two are at the extreme eastern and western edges of the repository, 
approximately midway between the northern and southern boundaries of the repository. The 
temperature and relative-humidity histories fall into three distinct clusters: one for the repository 
center, one for the repository corners, and one for the repository edge locations (Figure 55). In 
addition, the relative humidity reduction can be classified into three sequential periods (Figure 
55). 

During an early period which lasts fiom 200 to 1,000 yr (Figure 55c and Figure 56a), the relative 
humidity reduction on waste packages depends on the magnitude and duration of rock dryout. 
The duration of rock-dryout increases with distance from the repository edges. The farther a 
given waste package is located from the repository edge, the longer the duration of boiling in the 
local host rock and the longer the duration of rock dryout (and relative humidity reduction). The 
surface of the waste packages always have a lower relative humidity than the adjacent host rock; 
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consequently, during the early period, the reduction in relative humidity on waste packages 
increases with distance from the repository edges. 

The depth of dryout varies with location within the footprint and with infiltration flux. The 
deepest horizontal extent of boiling temperatures was 13.1, 10.6, and 10.1 m from the drift center, 
for the lower, mean, and upper infiltration flux scenarios, respectively. 

An intermediate period, which lasts from 1,000 yr to about 20,000 yr, during which time 
heat-transfer in the drift controls the magnitude of relative humidity reduction on waste 
packages. During this period, the reduction in relative humidity on waste packages decreases 
with distance from the repository edges, which is the reverse of the trend during the early period. 
During the intermediate period, the reduction in relative humidity is greater at the repository 
edges because the efficiency of thermal radiative heat transfer decreases with temperature. 
Consequently, for a given local heat generation rate there is a larger temperature difference 
ATw,-dw between the waste package and drift wall at locations with lower temperature (such as 
occurs close to the repository edges). Moreover, the reduction in relative humidity, which 
depends on the ratio of Pmt(Tdw)/p&,t(Twp), results in a larger relative humidity reduction for a 
given AT-,, where P,, is the saturation vapor pressure, Tdw is the drift wall temperature, and 
Twp is the waste package temperature. 

A late period, beginning around 20,000 yr, during which time the reduction in relative humidity 
on waste packages becomes decreasingly sensitive to proximity to the repository edges. For a 
given waste package type, the reduction in relative humidity becomes increasingly similar across 
the repository area. 

Figure 57 shows the influence of the edge-cooling effect. Locations close to the repository edges 
cooling more quickly than those at the center. Figure 58 shows the development of the reduction 
in relative humidity on waste packages. At early times, the reduction in relative humidity 
increases with distance away from the repository edges, while at intermediate to later times, the 
reduction in relative humidity decreases with distance from the repository edges. 

Figure 56b and Figure 56c show the relationship between liquid saturation in the invert and 
evaporation rate. During early times, while the invert is dry, the evaporation rate is zero. The 
onset of rewetting in the invert corresponds to the end of the hilinghock-dryout period. 
Consequently, the time of the onset of rewetting increases with distance from the repository 
edges. The two geographic locations that experience a larger eventual increase in liquid 
saturation in the invert correspond to the two locations wherein the local host rock is either the 
middle or the lower nonlithophysal Topopah Spring welded tuff unit (Tptpmn or Tptpln). 
'Wherever the local host-rock unit is comprised of the lower lithophysal unit (Tptpll), the 
maximum liquid saturation in the invert is nearly the same (and lower than in locations where the 
local host-rock unit is either Tptpmn or Tptpln). Apparently, there is a difference in rewetting 
behavior in the invert that depends on the local host-rock unit. The second spike in the invert 
evaporation rate occurs shortly after 600 years when a substantial increase in infiltration flux 
occurs. The increase in infiltration rate is accompanied by an increase in liquid-phase flux into 
the invert, which makes more water available for evaporation in the invert. 
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Figure 59 shows the complementary cumulative distribution functions for temperature and 
relative humidity on the drill wall and on the waste package for the mean, lower, and upper 
infiltration-flux scenarios. For the mean-infiltration-flux scenario, the peak waste package 
temperature ranges from 126.1" to 184.9"C. The peak waste package temperature is similar for 
the mean and lower infiltration-flux scenarios. The upper infiltration-flux scenarios result in 
lower peak waste package temperatures, particularly for the coolest waste packages; the range 
for this scenario is 105.4" to 183.1"C. The time required for the drift-wall to cool down to 96°C 
(which is the boiling point of water at the repository horizon) is more sensitive to infiltration flux 
than peak temperature (Figure 59b). The time required for the waste package to attain relative 
humidity equal to 80 percent is similar for the mean and upper-infiltration flux scenarios (Figure 
59c). The lower-infiltration-flux scenario results in much more persistent relative humidity 
reduction on waste packages, particularly for the driest waste packages. The waste package 
temperature at the time when relative humidity equals 80 percent on the waste package is similar 
for the mean and upper infiltration-flux scenarios (Figure 59d); the lower infiltration-flux 
scenario results in lower temperatures when relative humidity equals 80 percent is attained. 

Figure 60 shows the waste package-to-waste package variability of temperature and relative 
humidity at a location in the repository relatively close to the geographic center for the mean 
infiltration-flux scenario. Peak waste package temperatures range from 152.3" to 180.1"C. The 
use of line-load waste package spacing results in a relatively narrow range of peak temperatures 
(27.8"C). The three coolest waste packages are all DHLW waste packages. The three hottest 
waste packages are all PWR waste packages. The old PWR waste package and BWR waste 
packages fall in the middle of the temperature range. The reduction in relative humidity on 
waste packages correlates directly with temperature on the waste package. Therefore the PWR 
waste packages always experience the greatest relative humidity reduction, while the DHLW 
waste packages experience the least relative humidity reduction. At late times there is a greater 
range of relative humidity reduction resulting from waste package-to-waste package variability 
than arising from the distance from the repository edges (compare Figure 60b and Figure 55d). 

The HTOM thermal-hydrologic results were abstracted and provided to TSPA (Francis and 
Itamura 2001 [DIRS 1553211) for use in SSPA Volume 2 (McNeish 2001 [DIRS 1550231). 

6.2.2 LTOM Results 
This section describes the multiscale thermal-hydrologic (MSTH) model base-case calculations 
(Buscheck 2001c [DIRS 1554491) for the LTOM, which includes the mean, upper, and lower 
infiltration-flux scenarios. Figure 61 gives the plan view of the MSTH model representation of 
the potential LTOM repository; also shown are the geographic locations for which TH conditions 
are given in Figure 62 and Figure 63. The potential LTOM repository area is 20 percent larger 
than the potential HTOM repository (Source: Produced using files from Buscheck 2001 [DIRS 
1554.491. 

N0TE:Plan view of the potential Higher-Temperature Operating Mode repository showing the 
geographic locations considered in various analyses. X = east-west distances, Y = north-south 
distances. 
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Figure 54). These locations were chosen to illustrate the manner in which TH behavior is 
influenced by proximity to the edges of the potential repository. Four of these locations are close 
to the center of the potential repository; two are located in the extreme northeast and southwest 
corners of the potential repository area, and two are at the extreme eastern and western edges of 
the area, approximately midway between the northern and southern boundaries. The temperature 
and relative-humidity histories fall into three distinct clusters (one for the potential 
repository-center locations, one for the potential repository comers, and one for the potential 
repository-edge locations), and the reduction in relative humidity can be classified into two 
sequential periods (Figure 62). 

An early-to-intermediate period lasts for about 20,000 years, during which time heat-transfer in 
the drift controls the magnitude of the reduction in relative humidity on waste packages. 
Because the temperatures for the LTOM are always below the boiling point of water, there is no 
rock dryout period, and no reduction in relative humidity in the host rock (Figure 62c); therefore, 
all reductions in relative humidity on waste packages arise as a result of the temperature 
differences, ATwdw, between waste packages and the drift wall. The early-to-intermediate 
period for the LTOM case has the same trends as observed for the intermediate period for the 
HTOM case (Section 6.2.1). During this period, the reduction in relative humidity on waste 
packages decreases with distance from the repository edges. 

A late period, beginning around 20,000 years, occurs during which the reduction in relative 
humidity on waste packages becomes decreasingly sensitive to proximity to the repository edges. 
For a given waste-package type, the reduction in relative humidity becomes increasingly similar 
across the repository area. Figure 64 shows the influence of the edge-cooling effect, with 
locations close to the potential repository edges cooling more quickly than those at the center. 
Figure 65 also shows the trend of the reduction in relative humidity on waste packages 
increasing with proximity to the repository edges. 

Figure 63a and Figure 63b show the relationship between liquid saturation in the invert and 
evaporation rate. At the end of the ventilation period, the invert is assumed to be dry in the 
model. Rewetting of the invert begins immediately after the end of the ventilation period, which 
occurs at 300 yr. Therefore, evaporation rates in the invert are always nonzero. Rewetting of the 
invert occurs more quickly at repository-edge locations than at repository-center locations 
because the edge-cooling effect reduces the amount of heating available to evaporate the 
incoming water. At 300 yr, a rapid increase is seen in the evaporation rate as the liquid-phase 
flux into the invert immediately increases following the end of the ventilation period. The two 
geographic locations that experience a larger eventual increase in liquid saturation in the invert 
correspond to the two locations wherein the local host rock is either the middle or lower 
non-lithophysal Topopah Spring welded tuff unit (Tptpmn or Tptpln). Wherever the local 
host-rock unit is comprised of the lower lithophysal unit (Tptpll), the maximum liquid saturation 
in the invert is nearly the same (and lower than in locations where the local host-rock unit is 
Tptpmn or Tptpln). Apparently, there is a difference in re-wetting behavior in the invert that 
depends on the local host-rock unit. 

Figure 66 gives the complementary cumulative distribution functions for temperature and 
relative humidity on the waste package for the mean, lower, and upper infiltration-flux scenarios. 
For the mean-infiltration-flux scenario, the peak waste package temperatures range from 59.2" to 

UCRL-ID-146835 72 February 4,2002 



86.0"C, with only 1.7 percent of the waste packages ever exceeding 85°C. For the 
low-infiltration-flux scenario, the temperatures are higher than in the mean-infiltration-flux 
scenario, ranging from 60.5" to 87.6"C, with only 7.2 percent of the waste packages ever 
exceeding 85°C. The upper infiltration-flux scenario results in lower peak waste package 
temperature that ranges fiom 59.0" to 85.3"C, with only 0.02 percent of the waste packages ever 
exceeding 85°C. 

Figure 66b, which gives the complementary cumulative distribution function of the time required 
for waste packages to attain a relative humidity of 80 percent show a distinct change in the slope 
of the curves at a complementary cumulative distribution function value of 0.7; this sharp break 
in the slope of the complementary cumulative distribution function curves indicates that there are 
two distinctively different groups of waste packages with respect to the duration of relatively dry 
relative humidity on the waste-package surfaces. In the MSTH model (Buscheck 2001c 
[DIRS 155449]), 30 percent of the waste packages are DHLW waste packages and 70 percent are 
CSNF waste packages. A detailed inspection of the underlying data that is plotted in Figure 66b 
shows that the break in slope at a complementary cumulative distribution function value of 0.7 
correspond with the fact that 30 percent of the waste-package inventory that attains an relative 
humidity of 80 percent first (i.e., having a complementary cumulative distribution function value 
between 0.7 and 1.0) is entirely comprised of DHLW waste packages. Those waste packages 
that have a complementary cumulative distribution function value between 0.0 and 0.7 are nearly 
entirely comprised of CSNF waste packages. Thus, 99 percent of the DHLW waste packages 
have a relatively short duration of reduced relative humidity, requiring less than 877 years to 
attain a relative humidity of 80 percent; the remaining 1 percent of the DHLW waste packages 
require between 877 and 1020 years to attain a relative humidity of 30 percent. All CSNF (PWR 
and BWR) waste packages require at least 877 years to attain a relative humidity of 80 percent; 
the driest PWR requires 4864 years to attain a relative humidity of 80 percent. 

The time required for the waste package to attain a relative humidity of 80 percent is similar for 
all three infiltration-flux scenarios (Figure 66b). Because rock dryout does not occur, the 
reduction in relative humidity depends entirely on multi-scale heat flow occurring in the rock at 
the mountain scale and within the drift at the waste package scale. The waste package 
temperature at the time when the relative humidity reaches 80 percent on the waste package is 
highest for the lower-infiltration-flux scenario and lowest for the upper infiltration-flux scenario 
(Figure 66c). 

The LTOM results in a more persistent relative humidity reduction on waste packages than does 
the HTOM (compare Figure 66b with Figure 66c). Moreover, the LTOM results in lower waste 
package temperatures at 80 percent relative humidity than does the HTOM (compare Figure 66c 
with Figure 66d). In general, the LTOM case results in lower waste package temperatures at any 
given value of relative humidity on the waste package than does the HTOM case. 

Figure 67 shows the waste package-to-waste package variability in temperature and relative 
humidity at a location in the potential repository that is relatively close to the geographic center. 
Peak waste package temperatures range from 73.1 to 854°C. The three coolest waste packages 
are all DHLW waste packages. The three hottest waste packages are all PWR waste packages. 
The old PWR waste package and BWR waste packages fall in the middle of the temperature 
range. The reduction in relative humidity on waste packages correlates directly with temperature 
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on the waste package. Therefore the PWR waste packages always experience the greatest 
reduction in relative humidity, while the DHLW waste packages experience the smallest 
reduction in relative humidity. At late times, there is a greater range of relative humidity 
reduction resulting from waste package-to-waste package variability than arising from the 
distance from the potential repository edges (compare Figure 67b with Figure 62d). 

Figure 68 compares the TH conditions on typical PWR waste package surfaces for the HTOM 
and LTOM cases. All geographic locations (edge, comer, and center) are included within the 
shaded regions for the two operating modes. The bands of the TH conditions represent the 
progression in time, ending at ambient conditions of about 25OC and 100percent relative 
humidity. The LTOM results in lower relative humidity for any given temperature, or lower 
temperature for any given relative humidity for all locations except for the comer of the 
repository where the HTOM results in lower relative humidity or temperature than the central 
LTOM locations. 

The LTOM thermal-hydrologic results were abstracted and provided to TSPA (Francis and 
Itamura 2001 [DIRS 1553211) for use in Volume 2 (McNeish 2001 [DIRS 1550231). 
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Figure 3 Master Flowchart of the NUFI’ submodel execution process. Each box on this chart refers to a 
‘Subflow’ which is the Sub-flowcharts below. Note the Data Stores providing input to the flowchart (stores 
A, B, C , D, E, F, G, H, I Table 2. 
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n File 
Manual Operation 
(References Table) 

(References Note) Data Store 

File Script 

Indicates that File is executed as a Script 
Drawing 

Figure 4 Legend to Sub-flowcharts 1 through 16, Figure 5 through Figure 20, respectively 
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DATA STORE B 
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addbyem vl.0 - DDT mesh files D 
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I 
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I 
I 
f 

MS from Sub-flowchart, M a 1  to Sub-flowchart 15, MD2 to Sub-flowchart 15 

Figure 5 Sub-flowchart 1, DDT mesh generation. 
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M-1 to Sub-flowchart 9, Y-5 to Sub-flowchart 1, M-LO and M I 1  to Sub-flowchart 13 

Figure 6 Sub-flowchart 2, LDTH mesh generation. 
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MMO to Sub-flowchart 9, MA1 and MA2 to Sub-flowchart 16 

Figure 8 Sub-flowchart 4, SMT mesh generation. 
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Figure 9 Sub-flowchart 5, SMT heat generation preparation. 
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Figure 10 Sub-flowchart 6, LDTH heat generation preparation. 
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Figure 11 Sub-flowchart 7, DDT heat generation preparation. 
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DATA STORE E 

monsoonl.dat 
monsoonm.dat 
monsoonu.dat 

convertCoords 
v l  .l 

$. 
ym1.W 
ymm.NV 
ymu.NV 

monroon1.W 
monsoonm.NV 
monsoonu.NV 

columninfiltration 
v1.2 

I 
I 
I 

\ 
------------- 

/e---------------- 

I 
I 

\ '. ~ ~ ~ _ ~ _ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ - ~ ~ ~ ~ - - '  
I-UO,l-Ul, I-MO,IMl, 140, I-Ll all to Sub-flowchatts 10 and 13 

Figure 12 Sub-flowchart 8, LDTH infiltration preparation. 
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DATA STORE A 

DATA STORE F 

chim-surf-wt-TP2 v1.0 

<column>.col.units 

sement-temp 

M-1 from SubAowchart 2 and 3; M-MO from Sub-flowchart 9; M S  from Sub-flowcharts 9 and 14 

6-1 to Sub-flowcharts 10,13, and 14; 8-2 to Sub-flowchart 10; 0-3 and 64 to Sub-flowchart 16 
A 

]Figure 13 Sub-flowchart 9, boundary condition preparation. 
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LDTH-OI -mi4 vl  .o 
I LDTH-Ol -ui-i v l  .O 
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LDTH-OX-II-v V1.0 
LDTH-0X-mi-v v1.0 

LDTH4X-ui-v v1.0 
I I 

I 

V 

LDTHOX-Ii VI. LDTH-OX-mi v1.0 

1 LDTH-OX-ui v1.0 

14-0, I l l ,  I-MO,I-Ml, 140, and I41 from Subflowcharts 10 and 1 3  B-1 and 8-2 from Sub-flowchart 9 

XL-D<infil>, XL-lcinfib, and XL-2<infil> to Sub-flowdrart 13 

Figure 14 Sub-flowchart 10, LDTH scripts 
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Figure 15 Sub-flowchart 11, natural material properties. 
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DATA STORE B indriftgeom-rev01 .doc 

\ 

] 
odproplOO-OX_<amb 

&ikm-afc-EBs-Revl C 

R-1 to Sub-flowcharts 13 and 15: R-lv and R-3 to Sub-flowchart 13; R-0 to Sub-flowchart 15 

Figure 16 Sub-flowchart 12, EBS material properties. 
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Figure 17 Sub-flowchart 13, LDTH submodel execution. 
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camb <column> 

SDT pre-closure input: 

output.timesxamb-0X 

SDT pre-closure output: 

I 

SDT post-cloSure output: 
cco/umn*SDTcamb-OX.ext 

I 
I 

1 
\ 

I 

'c-_------,--_,------------------~' 

I 

M S  from Sub-flowchart 3; H-LO and H I 1  from Sub-flowchart 6; 
6-1 from Sub-flowchart 9; R S  from Sub-flowchart 14.15, and 16; 
S-Z to Sub-flowchart 15 

SDT-O<AC* and SDT-lCAC> are EXECUTABLE OUTPUT 

Figure 18 Sub-flowchart 14, SDT submodel execution. 
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N:D2 

N:Dl 

I 

S-Z 
R-1 

5c3DDTSam I>OXv. in 

U 
U 

M a l  and MDZ from SuMlowchart 1; HDO and Ha1 from SuMlowchart 6; 
R 4  and R D  from Sub4owch.rt 12; R S  from Sub-flowchart 11; S Z  from SuMlowchart 14 

OD14 and 001-1 are EXECUTABLE OUTPUT 

Figure 19 Sub-flowchart 15, DDT submodel execution. 
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DATA STORE J thermal-UZxls 

-t SMT-1 Dds-flt 

SMT-1DdSe - 
I 
I 
I 

A 

I -  

\.-,,-,,,,---------"--"------------------~ 

M A 1  and M-M2 from Sub-flowchart 4; H-MO and H a l  from Sub-flowchart 5; 
83 and 84 from Sub-flowchart 9; R S  from Sub-flowchart 11 

SMT-O and SMT-1 are EXECUTABLE OUTPUT 

Figure 20 Sub-flowchart 16, SMT submodel execution. 
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Figure 21 Grid of repository footprint for the HTOM (left) and LTOM (right) operation modes. 
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Fre-closure DRT submodel 

Figure 24 DDT pre-clmure mesh. 
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Figure 26 Diagram showing drift spacing, WP lengths, and WP spacing 
respective WPs (hlw 1, bwr 1, etc.) used in the DDT submodel are given 

names of the 

UCRL-ID-146835 108 February 4,2002 







(a) liquid-phase flux 5 m above drift 

Time (yr) 

240 

200 - 
L 

P E 1607 - 

. -  .., I I I 

- - 

- - 
- - 

- - mean kb 
.. . . .. . very high kb -- very low kb 

X 

E 

Q r 

a - 

g 120 - 

5L 
a 
i 

- 

ao 
CT 

- 

- 
c.. . f 

40 

Source: Produced using files from Buscheck 2001 [DIRS 1550121. 

NOTE: Results for a central location in the repository. kb = bulk permeability. 

Figure 29 (a) Liquid phase flux 5m above Drift Wall as a function of permeability for HTOM. (b) Liquid 
phase flux l m  above Drift Wall as a function of permeability for HTOM. 
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Source: Produced using files from Buscheck 2001 [DIRS 15501 21. 

NOTE: Results for a central location in the repository. lcb = bulk permeability. 
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Figure 30 (a) Liquid phase flux 5m above Drift Wall as a function of permeability for LTOM. (b) Liquid 
phase flux lm above Drift Wall as a function of permeability for LTOM. 
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Source: Produced using files from Buscheck 2001 [DIRS 1550121. 

NOTE: Higher-temperature operating mode drift wall and drip shield temperatures and relative humidities at the 
central repository location (Location UC3) as a function of bulk permeability (kb) for the mean infiltration-flux 
scenario. 

Figure 31 Drift wall and drip shield temperatures and relative humidities as a function of bulk 
permeability for HTOM. 
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Source: Produced using files from Buscheck 2001 [DIRS 1550121. 

NOTE: Higher-temperature operating mode drift wall and drip shield temperatures and relative humidities at the 
central repository location (Location UC3)  as a function of bulk permeability (kb) for the mean infiltration-flux 
scenario. 

Figure 31 Drift wall and drip shield temperatures and relative humidities as a fundon of bulk permeability 
for HTOM. 
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(a) mean kb case for all invert locations 
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Source: Produced using files from Buscheck 2001 [DIRS 15501 21. 

NOTE: Higher-temperature operating mode invert liquid saturations at the central 
repository location (Location L5C3) as a function of bulk permeability (kb) for the mean 
infiltration-flux scenario. 

Figure 32 Invert liquid saturations as a function of bulk permeability for HTOM. 
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(a) drift wall (b) drip shield 
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(c) drift wall (d) drip shield 

Source: Produced using files from Buscheck 2001 [DIRS 155012]. 

NOTE: Lower-temperature operating mode drift wall and drip shield temperatures and relative humidities at the 
central repository location (Location UC3)  as a function of bulk permeability (kb) for the mean infiltration-flux 
scenario. 

Figure 33 Drift wall and drip shield temperatures and relative humidities as a function of bulk 
permeability for LTOM. 
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Source: Produced using files from Buscheck 2001 [DIRS 1550121. 

NOTE: Lower-temperature operating mode drift wall and drip shield temperatures and relative humidities at the 
central repository location (Location L5C3) as a function of bulk permeability (kb) for the mean infiltration-flux 
scenario. 

Figure 33 Drift wall and drip shield temperatures and relative humidities as a function of bulk permeability 
for LTOM. 
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Figure 34 Invert liquid-saturations as a function of bulk permeability for LTOM. 
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Source: Produced using files from Buscheck 2001 [DIRS 1550121. 

Figure 35 Temperature and relative humidity at the drift wall and drip shield as a function of host-rock 
thermal conductivity for the central repository (15~3, see Figure 22) location of HTOM and the mean 
infiltration-flux scenario. 
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Figure 36 Liquid-Saturation in the Invert as a Function of Host-Rock Thermal Conductivity for the Central 
Repository (L5C3) Location of HTOM and the Mean Infiltration-Flux Scenario. 
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Source: Produced using files from Buscheck 2001 [DIRS 1550121. 

Figure 37 Temperature and relative humidity at the drift wall and drip shield as a function of host-rock 
thermal conductivity for the central repository (159, see Figure 22) location of LTOM and the mean 
infiltration-flux scenario. 
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Source: Produced using files from Buscheck 2001 [DIRS 1550121. 

Figure 38 Liquid-saturation in the Invert as a Function of Host-Rock Thermal Conductivity for the Central 
Repository (L5C3) Location of LTOM and the Mean Infiltration-Flux Scenario. 
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Source: Produced using files from Buscheck 2001 [DIRS 1550123. 

Figure 39 HTOM as a function of mean, high, and low lithophysal porosity (&) for the mean infiltration- 
flux scenario. 
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Source: Produced using files from Buscheck 2001 [DIRS 1550121. 

NOTE: Higher-temperature operating mode invert liquid saturations at the central 
repository location (Location L5C3) as a function of mean, high, and low lithophysal 
porosity (f,ith) associated with appropriate thermal conductivity (Kth) for the mean 
infiltration-flux scenario. 

Figure 40 HTOM invert liquid saturations as a function of mean, high, and low lithophysal porosity (bid for 
the mean infiltration-flux scenario. 
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Source: Produced using files from Buscheck 2001 [DIRS 1550121. 

N0TE:Lower-temperature operating mode drift wall and drip shield temperatures and 
relative humidities at the central repository location (Location L5C3) as a function of 
mean, high, and low lithophysal porosity (fiith) associated with appropriate thermal 
conductivity (Kth) for the mean infiltration-flux scenario. 

Figure 41 LTOM as a function of mean, high, and low lithophysd porosity (&) for the mean infiltration- 
flux scenario. 
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Source: Produced using files from Buscheck 2001 [DIRS 1550121. 

Figure 42 LTOM invert saturation for the central repository location Q5c3) as a function of mean, high, and 
low lithophysal porosity (bith) assoCiated with appropriate thermal conductivity (hi*) for the mean 
infiltration-flw scenario. 

UCRL-ID-1468% 1 26 February 4,2002 



Lowe-Tewwabe Opazttng 
Mode (Engineering) 

Mode (Performance Assessment) 
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Source: Produced from information in BSC 2001 [DIRS 1548641 and BSC 2001 [DIRS 155010]. 

N0TE:Two sets of parameters are shown that can meet the lower-temperature operating 
mode goal. Black dots represent values of design and operating parameters which, when 
combined, result in the peak waste package temperatures shown. Lines through the black 
dots represent three combinations of parameters being evaluated during the SR time 
period. HTOM = higher-temperature operating mode; PA = performance assessment 
base case; ENG = engineering evaluations. 

Rgure 43 Design and Operating Mode Parameters Used to Meet Peak Waste Package Temperature Goals. 
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Source: Produced using files from Buscheck 2001 [DIRS 1554491. 

N0TE:Temperature and relative humidity (RH) when the waste package temperature 
(Twp) is 85°C considering repository footprint, infiltration flux map, and variability among 
waste packages. LTOM-PA = lower-temperature operating mode used in the 
performance assessment base case. CCDF = complementary cumulative distribution 
function. 

Figure 44 Waste package temperature and relative humidity for two methods of achieving LTOM 
conditions. 
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Source: Produced using files from Leem 2001 [DIRS 1554571. 

NOTE: WP = waste package. 

Figure 46 Time History of Heat Available to Enter the Near-Field Rock for the HTOM Ventilation Cases. 
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Source: Produced using files from Leem 2001 [DIRS 1554571. 

Figure 47 Time History of Heat Available to Enter the Near-Field Rock for the LTOM Ventilation Cases. 
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Source: Buscheck 2001 [DIRS 1550121. 

Figure 48 Lateral Extent of Host-Rock Dryout Due to Ventilation for Case 1 for the HTOM and LTOM. 

UCRL-ID-146835 132 February 4,2002 



(a) Drift Wall 

40. 
20 - 

0 '  
10' 1 oa 1 0' 1 OK 1 0' 

Time (yr) 
(c) Drift Wall 

.08 

.06 

1 

c 0.8 
0 

2 0.6 
la 
v) 
D '5 0.4 
0- 
7 

.- c. 
2 

0.2 

0 

' 

6 U. .- 

4 

1 o2 lo" 10' 1 0" 1 
Time (yr) 

(e) Invert 

0.1 1 
c I 
0 
*= 0 
E 
la 0, 
v) 

3 c 

0.02 

.-I/i 0 1 0' loa Time io4 lyr) 1 os 1 os 

\i . .. . .- 
154-0563.ai 

(b) Drip Shield 
lsol . 

0 1  
1 0' 10" 1 0' 1 0" 1 0' 

l ime (yr) 
d) Drip Shield 

1 0' 1 os 1 0' 1 0' 1 0' 
Time (yr) 

LTOM Legend 

- Case 1 rock dryout during ventilation 
...... No rock dryout during ventilation 

Source: Buscheck 2001 [DIM 1550121. 

N0TE:The results for the base-case LDTH submodel that neglects the influence of 
preclosure dryout are also given. The drift wall liquid saturation pertains to the matrix 
continuum. 

Figure 49 Temperature of the drift wall and the drip shield, relative humidity on the drip shield, and liquid 
saturation at the drift wall and in the invert for Case 1 of the HTOM. 
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Source: Buscheck 2001 [DIRS 1550121. 

N0TE:The results for the base-case LDTH submodel that neglects the influence of preclosure 
dryout are also given. The drift wall liquid saturation pertains to the matrix continuum. 

Figure 50 Temperature of the Drift Wall and the Drip Shield, Relative Humidity on the Drip Shield, and 
Liquid Saturation at the Drift Wall and in the Invert for Case 1 of the LTOM. 
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Figure 51 Lateral Extent of Hart-rock Dryout Due to Ventilation for Cases 1,2,3, and for HTOM and 
LTOM. 
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Source: Buscheck 2001 [DIRS 1550121. 

NOTE: The drift wall liquid saturation pertains to the matrix continuum. 

Figure 52 Temperature of the Drift Wall and the Drip Shield, Relative Humidity on the Drip shield, and 
Liquid Saturation at the Drift Wall and in the Invert for Cases 1,2,3, and 4 of HTOM. 
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Source: Buscheck 2001 [DIRS 1550121. 
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NOTE: The drift wall liquid saturation pertains to the matrix continuum. 

Figure 53 Temperature of the Drift Wall and the Drip Shield, Relative Humidity on the Drip Shield, and 
Liquid Saturation at the Drift Wall and in the Invert for Cases 1,2,3, and 4 of LTOM. 
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N0TE:Plan view of the potential Higher-Temperature Operating Mode repository showing the 
geographic locations considered in various analyses. X = east-west distances, Y = north-south 
distances . 

Figure 54 Location of the seven sites used in analysis of HTOM repository. 
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Time (yr) 1 

Source: Produced using files from Buscheck 2001 [DIRS 1554491. 

NOTE: Average 21-PWR commercial SNF waste package mean-infiltration flux 
scenario. 

Figure 55 Temperature and relative humidity histories on the drift wall and the waste package for the seven 
locations in the HTOM repository. 
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Source: Produced using files from Buscheck 2001 [DIRS 1554491. 

NOTE: Average 21 -PWR CSNF waste package Mean-infiltration-flux scenario. Liquid- 
saturation curves are given for (a) the matrix at the drift wall and for @) the invert. 
Evaporation-rate histories are given for the invert (c). 

Figure 56 Liquid saturation and evaporation rate histories for the seven locations in the HTOM repository. 
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68 Thermohydrologic garmeter evolution for the HTOM and the LTOM repositories. 
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10 TABLES 

Table 1 Design Parameters for Sensitivity Studies to Address Two Operational Modes: HTOM and LTOM. 
~~~ 

Higher-Temperature 
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Table 2 Calculation inputs and sources. 

and reference to 
Sub-flowchart 

Sub- flowcharts 

I Sub-flowcharts 1,12 

Sub-flowcharts 
5,6,7,16 

Sub-flowchart 8 

L 
UCRL-0146835 

~ 

Input Description 

.3-D UZ MODEL GRIDS FOR CALCULATION OF 
FLOW FIELDS FOR P A  ONE PRIMARY SINGLE- 
CONTINUUM MESH AND THREE DUAL-CONTINUA 
MESHES USED TO GENERATE 3-D UNSATURATED 
ZONE FLOW FIELDS FOR PERFORMANCE 
ASSESSMENT. ANL-NBS-HS-000015, 
MOL. 19990721.0517. SRLA SUPPORTING DATA. 24- 
sep- 1999 

TABULATED IN-DRIFT GEOMETRIC AND THERMAL 
PROPERTIES USED IN DRIFT-SCALE MODELS FOR 
TSPA-SR (TOTAL SYSTEM PERFORMANCE 
ASSESSMENT-SITE RECOMMENDATION).: 30-aug- 
1999 

WOM: BSC (Bechtel SAIC Company) 2001. Site 
Recommendation Subsurface Layout. ANL-SFS-MG- 
OOOOO1 REV 00 ICN 02. Las Vegas, Nevada: Bechtel 
SAIC Company. ACC: MOL.2.0010411.0131 

LTOM: BSC (Bechtel SAIC Company) 2001. Lower- 
Temperature Subsurface Layout and Ventilation Concepts. 
ANL-WER-MD-000002 REV 00. Las Vegas, Nevada: 
Bechtel SAIC Company. ACC: MOL.20010718.0225. 

BSC (Bechtel SAIC Company) 2001. Design Input for the 
Engineered Barrier System Environment and Barriers. 
Input Transmittal 00422.Ta. Las Vegas, Nevada: Bechtel 
SAIC Company. ACC: MOL.20010405.0196. 

FLOW FIELD #1,3,5,7,9,11,13,15,17: PRESENT DAY LOW, 
MEAN, UPPER INFILTRATION MAP, GLACIAL LOW, 
MEAN, UPPER INFILTRATION MAP, MONSOON LOW, 
MEAN, UPPER INFILTRATION MAP FOR FLOW-THROUGH 
PERCHED-WATER CONCEPTUAL MODEL. AMR U0050, 
"UZ FLOW MODELS AND SUBMODELS," MDL-NBS-HS- 
000006. MOL. 19990721.0527. SRLA SUPPORTING DATA. 

DTN or Document Number 

LB990701233 129.001 

SN9908T0872799.004 

ANL-SFS-MG-000001 REV 00 ICN 02 
(MOL.2.0010411.0131) 

ANL-WER-MD-000002 REV 00 
(MOL.200 1 07 1 8.0225) 

00422.Ta 

(MOL.200 10405.0196) 

LB990801233 129.001 

LB990801233 129.003 

LB99080 1233 129.005 

LB990801233 129.007 

LB990801233 129.009 

LB990801233129.011 

LB990801233 129.013 

LB990801233 129.0 15 

LB990801233 129.017 
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Sub-flowchart 9 

DATA STORE G 

Sub-flowchart 1 1  

INPUT AND OUTPUT FILES OF NUMERICAL 
SIMULATIONS OF THE MOUNTAIN-SCALE 
THERMAL-HYDROLOGIC (TH) MODEL. AMR U0105, 
"MOUNTAIN-SCALE COUPLED PROCESSES (TH) 
MODELS," MDL-NBS-HS-000007, MOL. 19990721.0528. 
SR/LA SUPPORTING DATA. 11-mar-2O00 

DRIFT SCALE CALIBRATED 1-D PROPERTY SET, 
FY99: BASECASE INFILTRATION.: 08/06/1999. 

LB990861233129.001 

LB99 1201233129.oO1 

DATA STORE H 

Sub-flowchart 11 

DATA STORE I 

Sub-flowchart 11 

DATA STORE J 

Sub-flowchart 16 

DRIFT SCALE CALIBRATED 1-D PROPERTY SET, 
FY99: LOWER BOUND INFILTRATION.: 08/06/1999. 

DRlFT SCALE CALIBRATED 1-D PROPERTY SET, 
FY99: UPPER BOUND INFILTRATION.: 08/06/1993. 

THERMAL PROPERTIES AND TORTUOSITY FACTOR 
FOR THE UZ MODEL LAYERS FOR AMR UOO90, 
"ANALYSIS OF HYDROLOGIC PROPERTIES DATA." 
Submittal Date: 15-oct-1999. 

LB990861233 129.003 

LB990861233 129.002 

LB991W1233 129.006 

I 1 I 
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Table 4 N-table for data flow. 

N:T2 

N:T3 - 
SF-16 

SF-16 

SDT:kolumn-template Mesh columntemplate for LDTH and SDT I 

The output times files contain the list of times for which parameter values are to be 
written to the output stream. The criterion for the choice of times is to achieve 
suitable time resolution, especially when the relative humidity in the drift is varying 
rapidly. An appropriate choice of times was discovered empirically 

Set properties of natural system materials in the saturated zone. The material is 
assumed to be identical to that found at the bottom of the unsaturated zone. 

output.times-SMT56-20 

SMT-1 Dds-mi-sr 

I 

I lThe grid files for the SMT model are specified by applying several criteria: I 
I I -The east boundary is to be parallel to the actual repository boundary. I 

- The repository edge has a finer grid to allow the MSTHM algorithm to treat edg 
effects appropriately. I - The grid blocks are each to correspond to an integral number of drifts in order t 

SF-5 LDTH:\columntemplate I 

The radin files are used to specify which surfaces may be coupled via radiation, an 
.to orovide emissivih, assianments to the sutfaces. 

Run%ontrol parameters provide setup of the numerical control of the simuhtio 
code itself to achieve reasonable efficiency in the computation, 1 ,.x - -'jaram-SMT-vOl 

I I 

N:xx allows a free-form textual note to be attached to a given operation. In this case, there is not typically an input file to the step, but 
the information is originated in some sort of analyst input from domain expertise, and is at this point encapsulated. 
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Table 5 E-table for data flow. 
’ Fig. Input File Name@)” Output File Names*’ Notes 

Refine the input LDTH grid to sufficiently describe therma 
radiation procssses. SF-1 15c3.dat 15c3.03v.dat 

- 
a# 
E:M1 

E:M2 

- 

E:M2 

E:H1 
E:H2 

E:H3 

E:B1 

E:B1 

E:C1 
E:C1 
E:C1 
E:C2 
E:C2 
E:C2 
E:C9 
E:C3 
E:C? 

E:R1 

E:P1 

E:S1 
E:SS 
E:S8 

1E:Dl 
E:D2 
E:D2 

, E:T1 

- 
- 
- 

- 
- 
- 
- 
- 
- 

- 

SF-10 18-1. 6-2, I-UO (LDTH-01-ui-I I ’ SF-10 18-1. 6-2, I-LO. I-L1 ILDTH-OX-Ii-v 

SF-10 le-1.8-2, I-UO, I-U1 ILDTH-OX-ui-v I 
1 SF-10 18-1.8-2, I-LO. I-L1 (LDTH-OX4 I 

SF-1 Data Store B.15c3.03v.dat I 

’ SF-10 18-1, 8-2. I-MO, I-M1 ILDTH-OX-mi ~LDTH main script I 

15c3.dat 

SF-10 8-1, 6-2, I-UO, I-U1 LDTH-OX-Ui , 
Removed all hydrologic propecties and set thermal properties to 
tha annrmriala wet material nrnmrties , SF-1 1 dkm-afc-1 Dds-mc-mi-00 SDT-1Dds-mi 

Refine grid within drift to properly describe 
engineered system material distribution, specially drip she1 
emplacement. I 

sF-2 

SF-5 
SF-7 

SF-6 

SF-9 

SF-3 

SF-9 

SF-10 
SF-10 

Chimney locations are chosen in a regular array parallel to the 
maw axis (East side) of lhe MSTHM repository footprint. 

Removed the column headers and reorganized the parameter 
values into a matrix format for Matlab to read. 

Place the data cdumns of Time and Averaged Heat Transfer 
into NUFT format (in a compflux black). 

The files chlmney-vLTP and chimney-surface-TP are 
transformed into temperature-W and temperature-S, 
respWiwly, by laying out the temperature data found in the 
source file into an array format of 7x5 rather than a list. AI 

shape.dat column.data 

Waste-Package-Design-lnformatl .doc SMT-heatgen-truncated 
DDT-heats-2.xls DDT-heatgen-01 

line-load-heat-1.13 
Waste-Package-Design-lnformatl .doc ,ine-load-heat-l .35 

wt-TP.oUt tem perature-w 

surface-TP-RH.out temperature-s other (non-temperature) source data is discarded. 

8-1, 8-2, I-LO LDTH-01-li-I 
8-1, 6-2. I-MO LDTH-01 -mi4 LDTH initial script 

SF-12 

SF-14 
SF-14 
SF-14 
SF-15 
SF-15 
SF-15 

I 
. . .  

SF-10 18-1, 6-2, I-MO, I-M1 ILDTH-OX-mi-v ~LDTH wmtilation script 

Tabulated Indrift and Thermal Properties Used in Drift-scald 
DTN unknown file name R-l,R-lv,R-S,R-3,R-D Models for TSPA-SR (Rev 01) to create EBS materia 

properties files 
6-1 SDT-OXi SOT initial scrip! 
8-1 SDT-OXv SDT ventilation script 
6-1 SDT-OX SDT main script 
M-D1 15c3-DDT<aml>-OXv.in DDT initial script 
M-D2 15c3-DDT<aml>-OXv.in DDT ventilation script 
M-D2 15c3-DDTcaml>-OX.in DDT main script 

Manually format rock property information for materials in fau 
areas into NUFT input file format. SMT-1 Dds-mi-fit 
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uff 

M-1 
M-MO 
M-M 1 
M-M2 
M-D 1 
M-D2 

M-LOccoIumnz I M-Llcco/umn> 1 13:; 1 SF-13 sF-l 

M-S<co/umn > 

Figure 
Created in Used in 

SF-3 SF-9 
SF-4 S F-9 
SF-4 SF-16 
SF-4 SF-16 
SF-1 SF-1 5 
SF-1 SF-15 

SF-2 SF-13 

M-5 
H-DO 
H-D1 
H-LO 
H-L1 
H-MO 

S F-2 SF-1 
SF-7 SF-1 5 
SF-7 
SF-6 
SF-6 
SF-5 

SF-15 
SF-13, 14 
SF-13, 14 

SF-16 

16-1 1 SF-9 1 SF-10, 15 

H-M 1 
I-LO 

I-L1 

I-MO 

I-M1 

I-uo 
I-u1 

SF-1 0 
SF-16 

SF-9 SF-1 6 

SF-5 SF-1 6 
SF-8 SF-1 0 

SF-8 SF-10 

SF-8 SF-10 

S F-8 SF-10 

SF-8 SF-10 

SF-8 SF-10 

kite names 
column.data I 

XL-O4nf ilz SF-1 0 SF-1 3 LDTH-OX-m i-l 
LDTH-OX-ui-I 
LDTH-OX-Ii-v 

XL-1 <infib SF-1 0 SF-13 LDTH-OX-mi-v 
LDTH-OX-ui-v 
LDTH -OX-I i 

XLQ<inf il> SF-1 0 SF-1 3 LDTH-OX-m i 
LDTH-OX-ui 

This column gives the alpha numeric designator used in the respective figure. - 

tspa00-mesh00 
tspa00-mesh01 
tspa00-mesh02 
14~3.03v.nft.msh.ddt 
14c3.nft.msh.ddt 
LDTH :\<column > . col . units 
<column > .nf t. msh .dkm 0.f 
c column >. nf t. msh. d km 0. m 
<column > .col .units 
<column >.nft.msh.dkm.f 
c column >. nft. msh. dkm. m 
<column > .nf t . msh .d km 0 
S DT:\c column > . col . units 
LDTH ccolum n>.dat 
SMT-0.3Qheat-1 e6y-vent-2Ov I 
SMT-0.3Qheat-50y-vent-20 
' LDTH-SDT-0.3Qheat-1 e6y-vent-20v 
LDTH-SDT-0.3Qheat-Soy-vent-20 
SMT-0.3Qheat-1 e6y-vent-20v 
SMT-0.3Q heat-5Oy-vent-20 
low-p.dat 
low_g.dat 
low-m.dat 
Median-p.dat 
Median-g . dat 
Median-m .dat 
upper-p.dat 
upperg.dat 
upperm .dat 
wt-TP.out 
surface-TP-RH.out 
surface-TP-RH.out 
S MT-su rf bc. o u t 
SMT-bsmtbc 
LDTH-OX-li-I 
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Table 6 (cont’d). File grou 

I I Origin 
a# I File names 

SDT-1 DdS 

dkm-afc-1 Dds-mc-li-01 
dkm-afc-1 Dds-mc-mi-01 
dkm-afc-1 Dds-mc-ui-01 

1 m odp rop 1 OO-OX-<am I > 
modprop-dr-0Xv 
dkm-afc-EBS-Rev1 00-OX 
DDT-EBS-Rev1 00 
<colum n>-LDTH<am I>- 1 Dds-mc-<infib-0X.m. EBS.exi 
<column>-LDTH<arnI>-l Dds-mc-cinfil>-0X.f .EBS.ext 
~column>-SDT<aml~-OXv.exi 
<column>-SDT<arnI>-OX.ext 
15~3-SDT-01 -i.ztab 
15~3-DDT<aml>-OXv.EBS.ext 
15cSDDT<aml>-OX. EBS.ext 
SMT<aml>-0Xv.ext 
SMT<aml>-OX.ext 
inator used in the respective figure. 

R-S 

R-Lcinfib 

R-1 
R-1 v 
R-3 
R-D 
LDTH-O<AIC> 

SF-1 1 SF-14, 15, 16 

SF-1 1 SF-1 3 

SF-1 2 SF-13, 15 
SF-1 2 SF-13 
SF-1 2 SF-1 3 
SF-1 2 SF-15 
SF-1 3 LDTH out 

LDTH-1 <AI& 
SDT-O<AC> 
SDT-l<AC> 

DDT-0 
DDT-1 
SMT-0 
SMT-1 

S-Z 
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SF-1 3 LDTH out 
SF-1 4 SDT out 
SF-14 SDT out 

SF-1 5 DDT out 
SF-1 5 DDT out 
SF-1 6 SMT out 
SF-1 6 SMT out 

SF-14 SF-15 
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Data 

Figure 
Name/Number Flowchart Input source 

SF-3 YMESH output 
SF-1 YMESH output 

addLayers v l  .O 

b0und.m vl  .O SF-9 DATA STORE A 

# of 
files Input File name # of files Output File Name 

15c3.nft 1 15c3.nft.msh.ddt 1 

15~3.03~. nft 1 15~3.03v.nft.msh.ddt 1 

tcond-wet .dat 1 SMT-basement-temp 1 

DATA STORE A tspa99-primary-mesh 1 wt-PT.out 

DATA STORE F bcs-99.dat 1 surf-TP.out 
SF-9 surface-TP-RH .out chim-wt-TP2 

V I  .o 3 

ccolumn>.nft.msh.dkm.f 

<column>.nft.msh.dkm.m 

ecolumn>.nft.msh.dkmO.f 

ecolumn>.nft.msh.dkmO.m 

columnlnfiltration SF-* CONVERTCOORDS output 
vl.2 

- 
33 

33 

33 

33 - 

infiltration-data.txl 1 
*.NV 9 
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DATA STORE E CONVERTCOORDS SF-8 
v 1.1 

Cover v l  .I SF-2 DATA STORE C 

161 

*.dat 9 *.NV 9 

1 
shape1 .dat 

figure1 .dat 
dftl .dat 1 

February 4,2002 

define-EBS-fine 
Grid VI .4 YMESH output LDTH:\<column>.nft 33 sF-2 



cu 

8
-
 

t- 

8
-
 cu 



NameNumber 

makeColumn-2000 
v l  .o 

readsunits v l  .O 

rme6vl.l 
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Table 7 (cont'd). Software routine input and output files. 
-I 

Data 

Figure 
# of 
files # Of Output File Name files Flowchart Input source Input File name 

N:M1 LDTH:\column-template 1 

E:M3 column.data 1 

E:M3 column.data 1 

SF-2 LDTH:\.ccolumn>.dat 33 

' SDT:\<column>,dat 33 SF-3 N:M1 SDT:\columnfemplate 

YMESH output LDTH:\ecolumn>.col 33 LDTH:\ccolumn>.col,units 33 

YMESH output SDT\<column>.col 33 SDT:\<columnz.col.units 33 
SF-2,3 

SF-1 tspagrimary-mesh 1 

SF-3 UZ993.grd 1 
DATA STORE A LBLQQ-YMESH 1 

SF-2 

SF-4 

DATA STORE G Id-driftscale- basecase2-flow.pm 1 

DATA STORE G Id-driftscale- basecase2th.pm 1 

dkm-afc-1 Dds-mc-mi-01 1 



Table 7 (cont'd). Software routine input and output files. 
b 1 I I I I i 

NameMumber 

SMT-bot-bc3 ~ 1 . 0  

YMESH v1.53 

# of Flowchart Input source Input File name files # Of Output File Name files 
Data 

Figure 

bound output SMT-bsement-temP 1 SMT-bsmtbc (chosen by 
tspaOl .meshOX-03 I user) SF-9 

YMESH output 

SF 1 DATA STORE A, B LBLgg-YMESH, 15c3.datS 15C3..,fi, 15c3.03v.nfi I 15c3.03v.dat 

LBLgg-YMESH, 1 l l  aolurnnxnft for LDTH, 
OATA A' 1 <column>.dat from LDTH <column>.col for LDTH ISF2 I YMESH vi  .53 

YMESH vl.53 

I 

1 LBL99-YMESH, ccolumnxnft for SDT, 
SF 3 DATA I <column>.dat from SDT <column>.col for SDT 

DATA STORE A, N:M2 YMESH v i  .53 
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tspa0l .mesh01 -03, 
tspaOl .mesh03-03 I 1  LBL99-Y M ESH , 

tspaOl .grid01-03, 
tspaOi .grid0343 
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Description 

LDTH assembly 
script for 

initialization: 
LDTH-01 -<infib-i 

Table 8 LDTH NUFT input and output files 

Input File name Output File Name 

<column>-LDTH<aml>-l Dds-mc-cinfils-i.in 

columnlnfiltration output 
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Table 8 LDTH NUFT input and output files (cont) 

M-L1 
<column> 

R-L <infit> 

R-1 v 

I File a# I 
ecolumn>.nft.msh.dkm.f 33 

ecolumn>.nft.rnsh.dkrn.rn 33 
LDTH:\<column>.col.units 33 
dkm-afc- 1 Dds-mc-mi-0 1 1 

dkm-afc-1 Dds-mc-ti-01 1 
dkm-afc-1 Dds-mc-ui-01 1 

modoroo dr-OXv 1 

Input File name 

LDTH-SDT-O.2Qheat-1 e6y-vent-1.13 (LTOM) 
LDTH-SDT-0.3Qheat-1 e6y-vent-1.35 (HTOM) 

<column>-LDTH<amb-l Ods-mc-einfil>-i.m.EBS.ext 
ccolumn>-LDTHcaml>-l Dds-rnc-einfib-i.f.EBS.ext 

run-control jar am-LDTH-vO9 

outout.times_<aml>-OX 

H-LO 

Output File Name 

2 

792 

1 
1 

# of I files 

I ~ B-l I 1 2 1  

<colurnn>-LDTH<aml>-l Dds-mc-<infilr- 
OXv. in 792 

upp-kgR.dat 
Med-kgg. dat 
1ow-kgj.dat 

upp-kg_g.dat 
upp-kg-mdat 
Med-kgg.dat 
Med-kg_m.dat 
low-kg-g.dat 
1ow-kg-m.dat 

LDTH<aml>-cOx-v-tplt (template) 
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Table 9 DDT NUFT input and output files. 

Input source 

define-EBS-fineGrid output 
readunits output 

EP1 
NUFT output 

heatgenAge output 
N:D1 
N:D2 

Description File a# 

R-1 
R-S 
R-D 
s-z 

H-DO DDT 
Initialization 

Radpro output 

DDT 
Preclosure 

DDTGO-03v.radout 
14c3-DDT60-20v.in 

Data 
Flowchart 
FiollrF? 

SF-1 5 

1 
1 1  14~3-DDT60-2Ov. EBS.ext 1 1  I E:D1 M D l  

SF-1 5 

define-EBS-fineGrid output R-1 mod prop-dr-20 
readunits output R-S SDT-1 Dds-mi 

E:P1 R-D DDT-EBS-ReV20 
NUFT output 14c3-DDT60-20pbf. res 

N:M output.times-DDTGO-20 

DDT SF-1 5 heatgenAge output H-D1 DDT-0.3Qheat-5Oy-vent-00 
Postclosure N:D1 run-mtrolgaram-DDT-vO2 

E:P1 
readunits output 

E: P1 
NUFT output 

heatgenAge output 
N:D1 
N: M 

1 
1 
1 
1 
1 
1 
1 

Include files 

7 

R-I v 
R-S 
R-D 
s-z 

H-D1 

# of I files Input File name 

modprop-dr-20 
SDT-1 Ws-mi 

DDT-EBS-ReV20 
14c3-SDT-01 -I .dab 

DDT-0.3Qheat-1 e6y-vent-001 
run-cont rolgararr-DDT-Vol 
output.times-DDT60-20 

output File Name # of I files 

Include files 

modpmp-dr-2ov 
SDT-1 Dds-mi 

DDT-EBS-ReV20 
14c3-SDT-01 -1.ztab 

DDT-0.3Qheat-50y-vent-00 
run-mtroI-param-DDT-vOl 
output.times-DDTGO-20 

DDT6043d)f.radoUt 

Include files 

Radpro output 
E:D1 I MD1 I 14c3-DDT60-20pbf .in 1 1 1  14~3-DDT60-20pbf.res 1 1  

1 
1 
1 
1 
1 
1 
1 
1 - 

t Radpro output I I DDTGO-03pM.radout 1 1 1  
E:D1 I M-D1 I 14c3-DDT60-20ss.in 1 1 1  14c3-DDT60-20ss.EBS.ext 11 
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Table 10 SMT NUFT input and output. 
Uata 

Flowchart Description Input source 

;MT 
iitialization 

File a# Input File name 

R-S SDT-1 Dds-mi 

MM1 tspa00-mesh01 
run-controlgaram-SMT-vQ1 

8-4 SMT-bsmtbc 
SMT-1 Ws-mi-sz 
SMT-1 Dds-mi-flt 

B-3 SMT-su rfbc 

;MT 
'reclosure 

I 
Output File Name 

;MT 
'ostclosure 

NUFT output 
user developed 

I SMT60-01 -i-rst 1 
SMTGO-2Ov.in 1 SMT60-2oV. rep.ext 1 1  

FlnurF! 

SF-1 6 

SF-1 6 

SF-1 6 

readunits output 
heatgenAge output 

YMESH output 
N:T1 
N:T2 
N:T3 
E:Tl 

readunits output 
heatgenAge output 

YMESH output 
N:T1 

NUFT output 
user developed 

SMTGa-01-i-rst 1 
SMT60-20.in 1 SMT6O-20. rep.ext I 1  

N:T3 

R-S 
H-MO 
M-M2 

# of 
files I files #Of  

Include files 

- 
R-S 

H-M1 
M-M1 

SDT-1 Dds-mi 
SMT-0.3Qheat-1 e6y-vent-20u 

tspa00-mesh20 
run-controlgaram-SMl 

output.times-SMT6O-20 
SMT-1 Ws-mi-sz 
SMT-1 Dds-mi-flt 

SDT-1 Dds-mi 
SMT-0.3Qheat-50y-vent-20v 

tspa00-mesh20 
run-controlgaram-SMT-v01 

output.times-SMT6O-20 
SMT-I Ws-mi-sz 
SMT-1 Dds-mi-flt 

Include files 

1 
1 
1 
1 
1 
1 
1 

Include files 
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Table 11 Stratigraphic columns used in the 33 drift-scale-submodel locations. Shown is unit thickness in 
meters (1 of 4). 
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Table 12 Summarv of the vertical location of the repository horizon at the 33 drift-scale-submodel locations. 
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Table 13 Boundary conditions used in the drift-scale submodels (LDTH, SDT, and DDT). Note that the gas- 
phase pressure and gas-phase air-mass fraction only apply to the LDTH submodels. 
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Table 14 Near Field Environment and Engineered Barrier System Thermal-Hydrologic Variables Calculated 
with the MSTH Model 

Drift-Scale Location Variable Name Section Thermal-H ydrologic 
Variable 

Temperature 

Drift wall (perimeter average) T-dw 

Drip shield (perimeter average T-ds 
and upper surface) T-ds-top 

Waste Package (surface T-WP 
average) 

~~ 

Invert (average) T-invert 

Drift-wall (perimeter average) RH-dw 

Drip shield (perimeter average) RH-ds 

Waste package 
Invert (average) 
Drift wall (perimeter average) 
Invert (average) 
DriD shield 

~~ ~ 

Drip shield (crown, upper surface 
average, and lower side at the 
base) 

RH-dsBot 

RH- WP 

RH-invert 

S. liq-dw 
S.liq-invert 

S.ljQ-ds 
Q. liq-dsTop 
Q.liq-dsTop-avg 
Q. liq-dsSide 

Drift-wall (upper surface 
perimeter average in matrix & 
fractures) 

Q.liq-dwTop 

Q. liq-dwBot Drift-wall (bottom surface 
perimeter average in matrix & 
fractures) 
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Liquid-phase flow 

~~ ~ 

Invert (average) Pcap-invert 
Drift wall (crown, in matrix and in Pcap-M-dw 

Net from host rock 
Net from host rock to inner 
Positive vertical down, inner 
invert 
Positive vertical down, outer 
invert 

Drift wall (perimeter average) of 
water vapor 

~ ~ 

Drip shield (perimeter average) x.air-ds 
Drip shield (perimeter average) P-ds 
Drip shield (perimeter total and 
crown) 

Top half perimeter of drift wall; 
bottom half perimeter of drift wall 
Inner invert Qevap-invertlnner 

~ Outer invert Qevap-invertouter 

Qevap-dsPerim 
Qevap-dsTop 

Qevap-dwTop 
oeVap - 

Q. liq-dri ftTolnvert 
Q. liq-hstrkTolnnerlnvert 

Q.ljq-pos Vertlnnerlnvert 

Q. liqgos VertOuterln vert 

Q. water.@-dr 

Gas-phase flow 

Capillary Pressure 

Gas-phase air-mass 
fraction 

Gas-phase pressure 

Evaporation Rate (as 
a flow) 

~~ 

Drift Wall (perimeter average) of Q.air.gas-dr 
air I 
fractures) 

D r i ~  shield (averaae) 

Pcap-F-dw 
Pcap-ds 

~~ ~~ ~~- 

The variables designated with Xml, Xm2, and Xm3 indicate a location of 0.2m, 3m and 5m, 
respectively above the drift crown. 
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Table 15 Sequence for Combining Submodels and MSTHAC abstraction for complete MSTH simulation 
(Page 1 of 2), see Section 3.5. 

Step 
Physical 

Dimensionality Processes 
NUFT submodel simultaneol 

(steps 1A 
through 
1D are 
simultan- 
eous) 

Physical 
Domain 

execution. Sn 
Conduction 
only, 
vertical 
property 
variation 

Number of 
Boundary Submodel 

Heat Source Conditions Runs 

Repository 
footprint plus 
>0.7 km 
edges, 
surface to 1 
km below 
water table 

Smeared, I-m No heat flow at one 
thick, within sides, constant 
footprint, temperature at 
reduced during bottom and 
ventilation surface 

I I I 

STEPIB ID 

NUFT submodel simultaneous execution. Line-heat-source drift-scale themnal-F 

Conduction 
only in rock, 
vertical 
property 
variation, 
radiation in 
drift, 
approximated 
natural 
convection 

3T submodels. F 
Heat and mass 
transfer, 
vertical 
property 
variation, 
radiation in 
drift, 
approximated 
natural 
convection 

Surface to 
water table 

Smeared, 1 -m Constant 4X33=132 
thick, temperature at for 
reduced during preclosure 
ventilation temperature at 

water table 
4~33=132 
for 
postclosure 

Mid-drift to 
mid-pillar, 
surface to 
water table 

NUFT submodel simultaneous execution. Discrete-heat-source drift-scale thermal (DDT) submodel. At one 

Waste 
package 
volume- 
preclosure, 
volume under 
drip shield- 
postclosure, 
line-averaged, 
reduced during 
ventilation 

locatil 
STEP I D  

No heat or mass 
flow at sides, 
constant 
temperature, 
pressure, and 
relative humidity 
at surface, 
imposed water 
flux map at 
surface, constant 
temperature, 
pressure, and 
saturation at water 
table 

1. 

3D 

4x33=132 
for 
preclosure 

4x33=132 
for 
postclosure 

Conduction 
only in rock, 
vertical 
property 
variation, 
radiation in 
drift, radiation 
under drip 
shield, no 
natural conv 

No heat flow at 
sides, constant 
temperature at 
bottom, constant 
temperature at 
surface 

one for 
preclosure 

One for 
postclosure 

Mid-drift to 
mid-pillar, 
surface to 
water table, 
No drip shield 
during 
preclosure 

I 

Eight full and 
two half Waste 
packages (of 
same 
diameter, but 
individual 
lengths and 
thermal 
powers), 
reduced during 
ventilation 
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Physical Physical 
Step Dimensionality Processes Domain Heat Source 

UCRL-ID146835 

Number of 
Boundary Submodel 
Conditions Runs 
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Sources: 

2.7 

0.092 

25303 

9 u 3  

1.52 (upper layer)' 
0.15 (lower laverl' 

Property 
Permeability 

Porosity 

N A  NA 

NA NA 

8189.2 4507.72 

488.86 551.32 

14.42 20.55 

Van 
Genuchten 
a 
Van 
Genuchten p 
Residual 
Saturation 
Grain 
Density 
Grain 
Specific 
Heat 
Conductivity 

Table 16 

Units 

m2 
Fraction 

1 /Pa 

dimensionless 

Fraction 

Kg/m3 

J/Kg-K 

Wlm-K 

nvert material properties. 

I 

I NA I NA 

1.2232 x lo3 

Emissivity I dimensionless I 0.93 I 0.80' I 0.63 J 

' (Avallone, E.A. and Baumeister, T., 111, ed. 1987, p. 4-68). The value from carbon steel is used as an approximation. 
See Section 3.2.8. 
See Section 3.2.7. 
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Table 17 Matrix properties of stratigraphic units. 

DTN: LB990861233129.001 
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Table 18 Fracture properties of stratigraphic units. 

S A B  indicates that the values are the same as for Base Case infiltration. 
DTN: LB990861233 129.001 
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Model Layer Rock Grain Density 
Kg/m3 

tcwl 1 2550 
tcwl2 251 0 

Rock Grain Specific Dry Conductivity Wet Conductivity 
Heat ( J K g  K) W/m K W/m K 

823 1.6 2 
85 1 1.24 1.81 

tcwl3 
ptn21 
ptn22 
ptn23 
~ tn24  

ch2v 2240 1200 0.58 1.17 
ch3v 2240 1200 0.58 1.17 
ch4v 2240 1200 0.58 1.17 
ch5v 2240 1200 0.58 1.17 
ch2z 2350 1150 0.61 1.2 

2470 857 0.54 0.98 
2380 1040 0.5 1.07 
2340 1080 0.35 0.5 
2400 849 0.44 0.97 
2370 1020 0.46 1.02 

I bf 2 I 241 0 I 633 I 0.74 I 1.36 1 

ptn25 
ptn26 
tsw31 

DTN: LB99 1091233 129.006 

- 

2260 1330 0.35 0.82 
2370 1220 0.23 0.67 
2510 a34 0.37 1 
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Table 20 Sensitivity of In-Drift Thermal-Hydrologic Performance to Uncertainties and Parameters 

Performance 
Measure 

Fraction of 
vaporizing liquid 
included in model 

Percolation flux, 
DW&DST 

DW T & RH, 
DS T & RH, 
INVu S 
DW T & RH, 
DS T & RH, 
INVu S 

DW T & RH, 

INVu S 
DS T & RH, 

Effect of Parameter or 
Uncertainty Range on 
Performance Measure 
0.1% over-estimate of 
volume of vaporized 
liquid displaced to 
adjacent zones 
HTOM boiling period: 
up to double the heat- 
mobilized liquid-phase 
flux; peak temperature 
range of 11°C; boiling 
period range of 50 
years 
DW T 11°C 

DW & DS T -85°C 
range, HTOM; 

range, LTOM 

range, HTOM; 

range, LTOM 

DW & DS T -20°C 

DW & DS T -1 00°C 

DW & DS T -25°C 

Results Parameter or Range of Parameter 
Section Uncertainty or Uncertainty Base Case 

6.1.1 Gas storage in Include or Exclude Exclude 
lithophysal 
cavities 

6.1.2 Buoyant gas- f 2 standard kb = 2.4 
HTOM, phase deviations 
LTOM convection (drift- kb = 0.1 5 - 38 Darcy, 

1 Half-pillar scale 

6.1.3 Host rock kb = 0.1 5 - 38 Darcy Mean kb (unit 
HTOM, permeability dependent) 

6.1.4 Host rock Ku, = 1.1 3-2.02 wet Mean: 
HTOM, thermal &h = 0.64-1.54 dry 1.87 wet; 

LTOM Kb = 2.38 

Mean 
porosity: 
12.5% 

6.1.5 
HTOM, 
LTOM 

6.1.6 
LTOM 

6.1.7 
HTOM, 
LTOM 

21 SNFA’s, 
81 m drift 
spacing 
0.1 m WP 
spacing 
No water 
entering drift 

Lithophysal 0 to 25% 
porosity 
(combined 
influence on 
thermal 
conductivity and 
heat capacity) 

drift spacing 
W P spacing 

WP capacity 16-21 PWR SNFA’S 
81 -97 m drift spacing 
0.1 -2 m average W P 
spacing 

6 months to dryout 3 

10 mdyr flux 
entering from 11.5 m 
wide region; 
Calculated dryout 

Pre-closure 
dryout m rock, 

6.1.8 
HTOM, 
LTOM 

3D in-drift effects 20 versus 3D 3D 

~~~ 

Peak WP T 
~~ 

7°C range 

RH at 500 m in 
ventilation air, 
kW/m latent heat 
removal, 
DS T postclosure 

WP T (DB, AVG, 

postclosure peak 
COOL) 

9.9% no water entry, 
33% during dry out, 
10.1% after dry out; 
1.29 kW/m during dry 
out, 
<0.01 kW/m after 
dryout; 
Negligible T effect 
HTOM 26°C range, 
LTOM 8°C range 

Source: Produced from results in Sections 5.3.1.4 and 5.3.2.4 of this document. 

NOTES: 2D = two-dimensional; 30 = threedimensional; CFD = computational fluid dynamics; DS = drip shield; DW = drift wall; 
HTOM = higher-temperature operating mode; INVL = lower-center of invert; INV” = upper layer of invert just outboard of 
the drip shield; LTOM = lower-temperature operating mode: NF = near-field; PWR = pressurized water reactor; RH = 
relative humidity; S =saturation; SNFA = spent nuclear fuel assembly; T =temperature; WP = waste package. 

DB, AVG. COOL (WP) = Design Basis (1 1.8 kW initial), Average (7.4 kW average BWR), Cool (DOE high-level waste 
glass), 0.3 kW waste packages. 
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Unit Permeability (k), m2 log(k) 
tsw32 2.51 e-1 2 -1 1.600 

33 8.79e- 1 3 -1 2.056 
34 3.68e-13 -12.434 
35 2.38e-12 -1 1.623 

36/37 1.38e-12 -1 1.860 

Table 22 Lithophysal Unit Thermal Conductivity Values Used in the MSTH Model Sensitivity Analyses 

Source: Adapted from BSC 2001 [DIRS 1550081. 

sigma (log b) two sigma (log k,,) 
0.60 1.2 

0.60 1.2 
0.60 1.2 
0.60 1.2 
0.60 1.2 

Table 23 Comparison of Relative Humidity Conditions on Drift Wall as Function of KUI for the Higher- 
Thermal Operating Mode Case 

&h 

High &h 

Mean KUl 
Low &h 

RH at 50-60 RH at 400 years RH at 1000 Time to reach Time to reach 
years post- post- years post- 60% Relative 95% Relative 

emplacement emplacement emplacement Humidity Humidity 
28% 70% 1 OOYO 280 years 700 years 
20% 60% 95% 400 years 1000 years 
3-59/0 23% 60% 1000 years 2000 years 
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Kth Case 

High Kth 

Mean Kit, 
Low Km 

Table 25 Waste Package Peak Temperatures for the Three Lower-Temperature Operating Mode Sensitivity 
CaSeS 

Lithophysal Porosity 

Lithophysal Upper Lithophysal 
Unit, Tptpll Unit, Tptpul 

0% 5% 
12.5% 21.6% 
25% 38% 

Lower 

Case 
LTOM-PA 
Base Case 

Wider Drift 
Spacing 

De-rated WP 
Capacity 

Source: Pro( 

Design Parameters 
5.5 m drift diameter 
81 m drift spacing 
21 PWR Waste 
packages 
5.5 m drift diameter 
97 m drift spacing 
21 PWR Waste 

5.5 m drift diameter 
81 m drift spacing 
16 PWR Waste 
packages 

gackages 

Operational 
Parameters 

15 m3/s ventilation 
for 300 yr, 
1.1 m average WP 
spacing 
15 m3/s ventilation 
for 300 yr, 
0.1 m WP spacing 

15 m3/s ventilation 
for 300 yr, 
0.1 m WP spacing 

Fraction of Waste 
Packages with 

Peak Temperature 
>85"C (Full MSTH 

Results) 
1.7% 

Peak Waste 
Package 

Temperature 
(Full MSTH 

Results) 
86.0% 

Not calculated Not calculated I 
0% 82.6"C 

I 

i5449 1. 

Peak Waste 
Package 

Temperature 
(L5C3 MSTH 

Results) 
84.3"C 

88.8"C 

81.7"C 

NOTES: The three sensitivity cases use the full MSTH model and a simplified implementation of the MSTH model at 
a single location in the repository footprint. 

PWR = pressurized water reactor; MSTH = multiscale thermal-hydrologic; WP = waste package. 
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Table 26 In-Drift Temperatures for the Higher-Temperature Operating Mode. 

Source: Produced using files from Buscheck 2001 [DIRS 155449). 

NOTE: * = Time of Preclosure PeakT 
** 

*** = Near-Ambient T. 
= Time of Postclosure Peak T 
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Location 
Temperature, "C 

l O y r *  I 301 yr 500yr I 780 yr4* I 1000 I 4000 I 100,000*** 

UCRL-ID-146835 

invert Top-Center I 70.9 
Invert TopRight 64.9 

188 

64.3 89.5 92.9 I 92.6 72.0 26.4 

59.8 86.8 91 .o 91.0 71.3 26.3 

February 4,2002 



Source: Produced using files from Buscheck 2001 [DIRS 1554491. 

NOTE: = Time of Preclosure Peak T 
** = Time of Postclosure Peak T 
*** = Near-Ambient T. 
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